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Foreword 


Chemical engineers and technologists (process engineers) must not 
only know the laws of physical chemistry, but also be able to use 
them judiciously in solving the problems in a particular field of 
their work. Solution of problems helps better assimilate the theory 
and contributes to its deeper understanding. The authors have tried 
to select problems covering virtually every aspect of the course in 
physical chemistry and pertaining to different chemical specialties. 

To make sure that the student learns how to use reference books, 
the authors have excluded the values that can be found in readily 
available handbooks from most problems presented here. This book 
is divided into three parts: “Basic Theory of Physical-Chemistry 
Calculations”, “Equilibrium State of Systems”, and “Kinetics and 
Catalysis”. Each chapter begins with the fundamental equations 
and symbols which are followed by problems with solutions, problems 
to be solved independently, and multivariant problems. Answers 
to the problems in the second category are provided at the end of 
the book. The multivariant problems have been written so as to al- 
low the teacher to give an individual assignment to every student 
in the group. They are recommended for unassisted work. Multivar- 
iant problems may also be approached as single-variant ones with 
the teacher selecting out of the 15 to 25 choices available the one 
that suits best an individual student from the standpoint of his or 
her specialization. 

In preparing the present edition, the authors took into account the 
main changes in the physical chemistry course and the recent trends 
that have established themselves in this field. They also acted in 
line with the general desire to reinforce the overall theoretical train- 
ing of chemical and process engineers, which has recently been voiced 
by many a representative of the higher education establishment. 
This has prompted the authors to include a number of new chapters. 
The sequence in which the chapters are presented follows more close- 
ly the rigorous logic of the course: the geometrical parameters and 
energetic properties of molecules come first (Chapters 1 through 9), 
these are followed by analysis of the properties of substances in the 
ideal gaseous state, the next logical step being the real gaseous and 
condensed states of individual substances (Chapters 10 through 12). 
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Once the properties of individual substances have been covered, 
multiple-component systems in one or more phases are dealt with 
in Chapters 13 through 17. The more complex systems involved in 
chemical reactions are considered at equilibrium (Chapters 19 
through 21) and in dynamics (from Chapter 23 on). The newly in- 
troduced chapters are representative of recent advances in physical 
chemistry. 

In view of the general tendency to curtail supervised studies in 
the classroom in favour of independent work, emphases have been 
shifted accordingly. The theoretical introductions have been sig- 
nificantly cut down. In this respect, the authors’ intent was to offer 
something different from a mere textbook. Primary emphasis has 
been placed on problems with solutions, which must serve as ref- 
erence in cases where the student finds it difficult to use the right 
solution in his or her independent work. | 

This edition includes problems whose solution calls for the use of 
calculators. These problems are marked by asterisks. Presented at 
the end of some chapters are complex problems. Their solution re- 
quires knowledge of several topics from the course in physical 
chemistry. They may be recommended for term assignments. 

The multivariant problems can be divided into two major cate- 
gories: (1) problems covering the entire topic of the chapter to which 
they belong, whose solution requires the use of plots and handbooks 
and which are recommended for home assignments after the stu- 
dent has gone through the theoretical part and problems with solu- 
tions, and (2) problems dealing with a particular part of the chapter, 
which can be solved without involved calculations and plots and 
are recommended for testing. Multivariant problems typically in- 
clude 25 assignments. In cases where no experimental data are avail- 
able, an assignment may be presented under two or three variant 
numbers. 

All values encountered throughout the book are in SI units with 
a few exceptions when they are given in other units still in common 
use. 

This edition has been prepared with due account for the remarks 
and critical comments from the teachers of the Physical Chemistry 
Department of the D.I. Mendeleev Institute of Chemical Engineer- 
ing in Moscow and other institutes. 


International System of Units 


The metric system of units of length, mass, force, and other 
physical quantities was developed during the French Revolution of 
1789-94. Its simplicity and convenience have brought it into univer- 
sal use. In scientific research, metric units have been substituted for 
the previously used units of measurement. The most extensive and 
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improved form of the metric system, known as the International 
System (or sometimes simply SI after the French name “systeme in- 
ternational”), was adopted officially by the General Conference on 
Weights and Measures in 1960. | | 

The SI unit of mass is the kilogram (kg) defined as the mass of the 
international standard made of a platinum-iridium alloy and kept 
at the International Bureau of Weights and Measures in Paris. 
At present, there is one inconsistency in the SI system, which lies 
in the fact that the name of the unit of mass has the prefix “kilo”. 
This inconsistency will persist until consensus is reached on the new 
name and symbol of the unit of mass. In the meantime, it should be 
remembered that one milligram, written as 1 mg, rather than one 
microkilogram, equals one millionth of the unit of mass, and not one 
thousandth as would be inferred from the prefix “milli”. 

The unit of length in the SI system is the metre (m). Previously, 
the metre was defined as the distance between two notches on the 
platinum-iridium standard also kept at the International Bureau of 
Weights and Measures in Paris. In 1960, an international agreement 
was reached to define the metre as the length equal to 1 650 763:73 
wavelengths of the radiation corresponding to the orange-red line in 
the spectrum of krypton-86. 

The SI unit of time is the second (s) which is defined as the duration 
of 9 192 631 770 periods of the radiation corresponding to the transi- 
tion between two hyperfine levels of the ground state of the cesium-133 
atom at a wavelength approximately equal to 3.26 cm. In the past, 
the second was defined as 1/86 400 the mean solar day. 

The unit of volume in the SI system is the cubic metre (m‘). In 
chemistry, wide use is made of the litre (1) as the unit of volume, 
which equais 1/10? m*. A millilitre, 1 x 10-3 litre, is equal to one 
cubic centimetre: 1 ml = 1 cm’. 

The SI unit of force, the newton (N), is defined as the force im- 
‘parting an acceleration of 1 m s~* to a mass of 1 kg in the direction 
of the force. A newton equals 10° dynes (a dyne being the unit of force 
in the GGS system, equal to the force which imparts an acceleration 
of 1 cm s~* to a 1 g mass). 

The unit of energy in the SI system is the joule (J) which is the 
work done by a force of magnitude of 1 N when the body to which it 
is applied is displaced 1 m in the direction of the force: 1J = 1N x 
<x 1m = 10% erg = 10’ dyne cm. 

Formerly, the calorie was widely used as the unit of energy. The 
thermochemical calorie defined as 4.184 J is approximately equal 
to the amount of energy required to heat 1 g of water by 1 °C. The 
large calorie (kcal) equals 10° cal. The following conversion factors 
are good to remember: 1 cal = 4.184 J; 1 kcal = 4.184 kJ. 
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Values of Some Physical and Chemical Constants 


Avogadro constant Na = 0.60229 x 10°4 mole™ 
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Electron charge e = 0.106206 x 10-*% C 

Faraday F = Nye = 96 490 C/mole 
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Quantum of angular momentum f = h/2n = 0.105443 x "40-38 
Jos 

Proton mass Mp = 1. 67239 x 10°?” kg 
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Standard molar volume of 22.419 litre 

gas at 273 K and 

1.013 x 10° Pa 
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CHAPTER 1 


Fundamentals of Quantum Chemistry. 
The Chemical Bonding Theory 
and the LCAO-MO Method 


Basic Equations and Symbols 


According to the linear combination of atomic orbitals approxima- 
tion (LCAO-MO method), the wave function is given by the equation 


bw = Catba + Cobp (1.1) 


where tp is the molecular wave function, Ca and Cg are coefficients, 
and a and %bg are atomic wave functions of atoms A and B. The 
potential energy of a system comprising atoms A and B is given by 
the equation 


E pot = AB — A" — SBE. (1.2) 


TAB rA rB 
where Z is the charge of the atomic nucleus, e is the electronic charge, 
rap is the internuclear distance, and 7, andrg are the distances be- 
tween the nucleus and an electron. 
Schrodinger’s equation is 
Hp = Ey (41.3) 


A 2 
in which H = a V? + Epnot is the Hamiltonian operator, 


E pot is the potential energy, and V* is Laplace’s operator. 
For the diatomic molecule A—B, 


(Haa — ESaa) Ca + (Hap — ESap) Ca = 0 
(Hap — ESap) Ca + (Happ — ESpp) Ca = 0 
to a 
where Han = Apa = \va bs dv = \valtps dv is an exchange 


— oO 


+-co ++ 00 
integral, Has = Hap = (tp, Apa dv = \*pa dtp dv is a coulomb- 


-++ co 
ic integral, San = Spa = \ ats dv is an overlap integral, 


— 00 


and v is the volume. 
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For polyatomic molecules, the LCAO-MO method provides a 
system of n equations, m being the number of atoms in a molecule: 


> (Aiy— ES;3) C; =0 (1.4) 
where i is the equation number, and j is the number of the term in 
the equation. 


We shall have non-zero roots of the system of equations (1.4) if 
the determinant is zero: 


|7,,—ES,,| =0 (1.5) 


Application of the LCAO method to homonuclear diatomic mole- 
cules of the second period in Mendeleev’s periodic system gives the 


AO MO AO. AO MO AO 
A A> A A Az A 
E Gx E Ox 


Os XX 6 We 
—o—” ae 
(a) (b) 


Fig. 1. Relative arrangement of molecular orbitals according to energies of 
homonuclear diatomic molecules: (a) without o,- and n,x,-MO interaction 
and (b) with such interaction 


atomic orbitals (AQ) 2s, 2p,, 2p,, and 2p,. Let us assume that the z 
axis coincides with the molecular axis. In the A—A atomic system 
its orientation is towards the two atoms. The atomic orbital of the 
2s electron has a spherical symmetry, the overlap of the 2s and 2p, 
atomic orbitals being symmetrical about the molecular axis. Such 
molecular orbitals are known as o-molecular orbitals. The overlap 
of the 2p, and 2p, atomic orbitals gives a x-molecular orbital. Such 
molecular orbitals are not symmetrical about the molecular axis. 
Rotation of a n-MO about the molecular axis through 180° results 
in reversal of the MO sign. Distinction is made between bonding 
o-MO and antibonding o*-MO as well as between bonding n-MO 
and antibonding =*-MO. The bond order is 


== > (My — Ng) (1.6) 
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where my, is the number of electrons on the bonding MO, and x, is 
the number of electrons on the antibonding MO. 

The sequence of MO energies is 01, << Of, << Ogg << O28 << Sap, < 
ep, = Tap, < Up, = Mp, < O2p,- MO o2p,, TNap,, and Mp, are 
close in terms of energy, and their places in the sequence of increas- 


ing energies are interchange- 
able. Figure i represents an - AO MO “ 
energy-level diagram without (a) A AB 


and with (b) interaction between 
2s and 2p AO for homonuclear 
diatomic molecules. The AO and 
MO energies for heteronuclear 
diatomic molecules of the AB 
type, if the atom 5B is more 
electronegative, are shown in 
Fig. 2. The contribution of the 
atom B to the bonding MO is 
greater than that of the atom A, 
and, correspondingly, its con- 
tribution to the antibonding MO , 


ns 


is less significant. 

The electronic states of the 
molecules are classified accord- 
ing to angular momentum and 


Fig. 2. Relative arrangement of mo- 
lecular orbitals according to energies 
of heteronuclear diatomic molecules 


spin. Particular values of the quantum number m, (Table 1) 
correspond to different types of MO. 


TABLE +t. Quantum Numbers Corresponding to Particular MO 


Atomic orbitals porerers 7 my 
S, Px» d.3 0 0 
Py» Ay, diez IU +1 
dyz; d2_ 72 § +2 


The electronic state term is written as 


TM 


(1.7) 


where S is the total spin of the electrons in a molecule, and M, 
is the total angular momentum of the electrons. The symbols of the 
total angular momentum are given below. 


State symbol 2% xz A 
My, 0 +41 42 
2—0878 
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Exercises 


1. Determine the MO energy of the ion H} using the LCAO-MO 


method. 
Solution. Write the MO energy from Eq. (4.3): 


too 
‘ \ pip dv 
pi vA _ 
p? +00 
{ Ww? dv 


Substitute p from Eq. (1.1) into this equation: 


+00 : 
{ (CatbatCpthp) 4 (Capa+Cptp) dv 
E =~. 

\ (CatatCpypp)? dp 


After the necessary transformation under the integrals in the numer- 
ator and denominator and substitution for exchange, coulombic, 
and overlap integrals we have 


_ CAH aa+2CaCpHap+CbApp 

CaS Aa+2CaCpS ap+CBSgp 
Since the energy during chemical bonding must be minimal, take 
the derivative 0E/0C,, according to the variational method, and 


equalize it to zero. Similarly, take the derivative 0F/0C, and also 
equalize it to zero: 


a = 20 pH aa 2CpHap—eE (2C aSaa -+- 2C'pS aB) = 0 


St = 2C ,Hap+ 2Cplpp— E (20 Sap + 2CgSpp) = 0 


or derive two equations: 
(Han — ESpa) Ca + (Hap — ESaz) Cpa = 0 
(Han — ESap) Ca + (Has — ESpp) Ca = 0 
To determine the coefficients C, and Cg in Eq. (1.1) solve the system 


of equations. We shall have solutions whose roots are non-zero if the 
determinant is zero: 


Haxs—E Hap—ES 


Hip—-ES Hsp—E =0 
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The solution of this determinant will be 
(Hy, — E)? — (Hag — ES)? = O 
BE? — 2H,, E + Hin — Hip + 2Hap SE ~ E*S* = 0 
Write the resulting equation as follows: 
E2 (4 — S?) — 2 (Hay — HapS) E + Hig — Hip = 0 
The quadratic equation has two roots: 


__(Has—HapS) + V (Yaa—Haps)*—(1 —S*) (Ha — Hap) 


Ey. 2~ 4 —_-§2 
_ (Haa— aps) + (Hap—HaaS) 
1—S? 
EF, — faatt—S)+Hap(t—S) _ HaatHap 
a 1--S? i+s 
Rp, — aati 5)—~Naplt+S) _ Haa—Hap 
= 1—S? 1—8 


Two different MO energies are thus obtained. 
2. Determine the coefficients C, and Cp in Eq. (1.1) for the ion H}. 
Solution. In view of the fact that Sy, = Sgp = 1, because of 
the wave function being normalized, Eq. (1.4) yields 


(Haya — BSaa) Ca + (Hap — ESap) Cp = 0 (a) 
(Hap — ESap) Ca + (Hepp — ESpp) Ca = 0 (b)} 
Substitute the value of £,, found in Problem 1, into Eq. (a): 


(Hay — AAT SAR | Cat (Hap— AAAS ae Cz = 0 


The difference in the first brackets is 


(Han — Hagan) 


The difference in the second brackets is 


Hap—Haas 
{+S 


wr 
eee Ce 


— Haat+Hap _ Hap—HAaaS 
(Has iS s) ~ t+8 
Consequently, the coefficients of Ca, and Cg are equal but opposite 
in sign. Hence, C, = +Cg. Substitute £, into Eq. (b): 


(Hap ——*4 Tan S Ca+ (Hap ——AAE SAB Cp =0 


The difference in the first brackets is 


( _ HaatHap s) = MH ap—Haas 
ae i-s i-+S 
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The difference in the second brackets is 
HaatHap Hapn—Hpps 
App Se CC Cr OO 


oe 


hence Cy, = +Cg. Substitute the energy £, from Problem 1 into 
iq. (a). The difference in the first brackets is 


(H _ Haa—Hap _ Hap—Haas 
ae 1—S 1i—S 
The difference in the second brackets is 
Haa—Hap _ Hap—HAaS 
(Han — 1—S S)= 1i—s 
The bracketed values are equal, hence Cy, = —Cg. Substitute the 
energy E, into Eq. (b). The difference in the first brackets is 
— Haa—Hay _ Hap—HaasS 
(Hap ——_ — 1—S 
The difference in the second brackets is 
(Hap — faa— TAB _ Hap—Hpps 


Hence, Cag = —Cx. Thus, the following two wave functions are 
derived: 


WY, = Capa — Carp 
and. 


po = Catha + Cas 
-++-00 
The wave function must be normalized, that is v  |*dv = 1 because 


the ion H} must have only one electron within the entire available 
space. Substitute the derived wave function equations under the 
integral: 


+00 +00 + 
J} ipltdv= | Capa—Caynydv= |} Cay dv 
+900 ++ 90 
~ae \ batpCh dv+ | Cipdv=1 


But the coefficient C4 is not equal to zero: 


+900 +00 +00 


| vidv= | yaav=t; 2 | pappdv—0 


-_ OO — O&O =— 00 
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Consequently, 
+ 00 


| yedv=1—04+1=2 
The result is that the molecular wave function is not normalized. 


To make it normalized, it should be divided by Y 2. As a result, the 
following two normalized molecular wave functions are derived: 


1 4 
= Vs pa — VE pp 
and 
a ae 
oT V2 +A Vo 
and the coefficients Cy, and Cp, will take the following values: 
Cyx=—~—Cp=1/V2 and Cya=Cp=1/V 2 


3. Plot the functions ,, 2, p7, and p?, assuming that p, = e~7A— 
e~"B and tp, = e ‘4+ e 'B, where rg and rg are the distances from 
the nucleus of A or B to the electron. Establish, from the relationships 
of p? and 1p; with r, which of the two molecular functions, , and 
,, is more stable or, in other words, which of the molecular or- 
bitals has less energy. 


vy, | : Vaan 
A B r A B r 


(a) (b) 


Fig. 3. Antibonding (a) and bonding (b) wave functions of a homonuclear di- 
atomic molecule 
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Solution. The signs of a, and wp in the molecular wave function 
are opposite. These two functions are on the opposite sides of the 
abscissa (Fig. 3a). ? and 1? are the probabilities of finding the elec- 
tron at a given point in space. In the case of /, the probability of 

finding the electron in the space 


MO between the nuclei of A and B 
FE = Br os AO is nil. Therefore, the positively 
as B charged atomic nuclei repulse 


: O-——- each other. Such a molecular 
pf a ee \ a orbital is called antibonding. 
) € - = -O- As regards the wave function %p, 

> the signs of wa and pg are 


similar. These functions lie on 


Ty qt, the same side of the abscissa 
—O--> (Fig. 3b). 2, which is the proba- 

: / 63, ~ 4 bility of finding the electron tn 
me 2 the space between the nuclei of 
—®)~ —~— A and B, is not equal to zero. 
\ : rs Hence, the positively charged 

\ ® 2s / atomic nuclei are attracted to the 
negatively charged space between 

the nuclei. Such a molecular 

/O-~ orbital is known as_ bonding. 

Is Os 1s Energy is required for the elec- 
~O“ \-@- tron to be transferred from the 
\ / bonding orbital to the antibond- 

Gy, ing one. Consequently, the 

—@Y energy of the bonding molecular 


Fig. 4. Relative arrangement of elec- Orbital is lower than that of the 

tronic levels in molecule B, and antibonding orbital. 

filling of AO and MO with electrons 4. Plot the energy levels of 
the molecular orbitals of the 

boron molecule B,. Determine the bond order. Boron molecules 

exhibit magnetic properties. 

Solution. The atomic orbitals of each boron atom are 1s”, 2s", and 
2p’. The magnetic properties of the molecule B, indicate that the 
molecule has unpaired electrons. Apply Hund’s law to the filling 
of the molecular orbitals with electrons. Then, the electronic con- 
figuration of the molecule B, may be written as 


(54 5)” (Of 4)” (Gza)* (025) (sty) (202) 


The 2s electrons affect the energy distribution among the x,, Tiss 
and x, electrons. Only this particular arrangement of electrons on 
the energy levels can account for the magnetic properties of the mol- 
ecule By. The relative positions of the energy levels are shown in 
Fig. 1, while Fig. 4 illustrates the relative positions of the electron 
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levels in the molecule B, and the way in which they are filled with 
electrons. Determine the bond order from Eq. (1.6): 


u=+ (6—4)=1 


Problems 


1. Write the molecular orbitals of the molecule O, and the ions Oj 
and O;. Calculate the bond order in each particle. Arrange the bond 
energies in increasing order. 

2. Draw the energy-level diagram for the molecule Li,. Arrange 
electrons on the energy levels. Determine the bond order. Find out 
whether the molecule Li, possesses magnetic properties. 

3. Explain why the equilibrium internuclear distance in the mol- 
ecule H, is 0.741 x 10-° cm, whereas in the molecule Li, it is 
2.672 <x 10-° cm. 

4. Draw the energy-level diagram for the molecule O,. Determine 
the bond order. The molecule O, exhibits magnetic properties. 

5. Write the MO of the molecule Be,. Determine the bond order. 
Find the internuclear distance and bond energy. 

6*. Draw the energy-level diagram of the molecule BN. Deter- 
mine the bond order. The molecule BN exhibits magnetic properties. 
The atom N is more electronegative than B. 

7. Write the MO of the ion CO+ and the molecules BO and CN. 
Determine the bond order in each particle. Define the term of the 
ground electronic state of all particles. 

8. Proceeding from the electronic structures of the molecules BN, 
BO, and CO, arrange them in the order of the increasing bond energy. 


Multivariant Problem 
Write the MO of a compound and define the term of the ground elec- 


Variant Compound Variant Compound Variant Compound 
4 BH 10 HBr 18 IBr 
2 BF 11 HBrt 19 1Cl 
3 BCI 12 CO 20 IF 
4 BBr 13 CIF 21 NH 
9) BeH 14 HCl 22 NO 
6 BeF 15 HC]* 23 NO* 
7 BeCl : 16 HF 24 OH 
8 BrCl 17 H!I 20 OH* 
9 BrF 


tronic state. Determine the bond order. Establish whether the com- 
pound possesses magnetic properties. 


24 Problems and Exercises in Physical Chemistry 


CHAPTER 2 


Geometrical Configuration of Atoms 
in Molecules. Elements 
of the Molecular Symmetry Theory 


Basic Concepts and Symbols 


The geometrical configuration of atoms in a molecule depends on 
the spatial orientation of the chemical bonds linking every atom. 
As regards the orientation of the chemical bonds, it is determined by 
the type of AO and MO. Figure 5 illustrates the expected equilib- 
rium configurations of molecules depending on the number of the 


Number of Number of -_s electron pairs 


unshared 
Linear . & | * 


electron 
Pairs 

Da, Plane triangle Trigonal Octahedron 
Dp 


Nonlinear Trigonal Square 
Cay pyramid pyramid 
C4 


Irregular 
octahedron 


Nonlinear 
Coy 


Fig. 5. Anticipated equilibrium geometrical configurations of molecules, depend- 
ing on the number of binding and unshared electron pairs 


binding electron pairs and that of unshared electron pairs. To deter- 
mine the equilibrium configuration of a molecule, one must establish 
the number of o- and a-bonds as well as the number of free electron 
pairs that are not involved in chemical bonding. Figure 5 can be 
used to determine the equilibrium configuration of atoms in a mole- 
cule. 

Molecular symmetry is understood as the symmetry of arrange- 
ment of the nuclei of a molecule’s atoms in the state of equilibrium. 
A molecule is said to be symmetrical if there occurs a linear ortho- 
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gonal transformation of coordinates, which leads to a configuration 
identical with the original one. 

The transformation of coordinates, resulting in identical arrange- 
ment of the atomic nuclei in a molecule, is called symmetry oper- 
ation. The geometrical loci of the points that are caused by the sym- 
metry operation to occupy positions identical with those of atomic 
nuclei in space are known as symmetry elements (Table 2). 


TABLE 2. Conventional Symbols of Symmetry Operations and Elements 


Symmetry element Symbol Symmetry operation Symbol! 
Plane G Reflection in a plane S(o) 
Rotational axis CH Rotation through angle 2n/n S(Cn) 
Centre of symmetry i Reflection in a point Si 
Rotation-reflection axis Sa Rotation about the axis and S(Sn) 


reflection in a plane normal 
to the axis 


The principal axis of symmetry is the rotational axis having the 
highest order nm. By convention, the symmetry plane in which the 
highest-order axis lies is denoted by the symbol o,, whereas the 
symmetry plane normal. to the principal axis has been assigned the 
symbol g,. 

In addition to the symmetry elements and operations listed in 
Table 2 mention should be made of the identity transformation £. 
It is equivalent to a situation in which a system of equilibrium con- 
<a is of atomic nuclei has not undergone any transformation 
at all. 

A combination of several symmetry operations is usually written 
as a “product”* of the corresponding symmetry element symbols. 
The symbol of a symmetry operation performed later is written to 


the left of the operator S of the previously performed operation. 
Every molecule may be involved in a number of symmetry oper- 
ations transforming it to a state identical with the one before the 
transformation. A complete set of such symmetry operations rep- 
resents a symmetry group. The number of symmetry operations 


*Here and in what follows the notion “product” has nothing to do with 
multiplication in the mathematical sense. 
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within a group is referred to as a group order. A group of operations, 
say a, b,c, ..., is then defined as a set satisfying the following con- 
ditions: (1) the product of two operations in a group is equivalent 
to an operation in the same group (ab = c), (2) the system contains 
an identity operation & (ak = Ea = a), (3) corresponding to each 
operation is an inverse one which is an operation belonging to the 
same group (aa-! = aa = E), and (4) a product of several op- 
erations possesses the property of associativity: a(bc) = (ab)ec. 

All of the above symmetry operations leave at least one point in 
space unaltered. The set of symmetry operations leaving at least one 
point unaltered is termed point group. The number of possible point 
groups is limited. Any molecule must belong only to one of these 
point groups. All point groups fall under the following three main 
categories: (1) lowest symmetry groups containing only two-fold 
axes of symmetry and symmetry planes, (2) medium symmetry groups 
with only one axis of no less than three-fold symmetry, and (3) 
highest symmetry groups with several axes of no less than three-fold 
symmetry. Each point group hasits own rather definite set of sym- 
metry elements and operations. Table 3 lists point groups, their sym- 
bols, and all symmetry operations constituting a group. 


TABLE 3. Point Symmetry Groups 


Point Symmetry operations and | Point Symmetry operations and 

group : elements group elements 

"am E Don | E, 3C2, 30, i 
Ly E, C2 Dh E, C3, 3Co, 30y, Tn 

Cop E, Co, 20 » Dah E, C4; 404, 40 pn, Oh; Ce, Sa; i 

Cav E, C3, 30 y Den E, Ce, 6C 2, 60y, Th, Ca, Cs, Se, t 
Coop E, Co, cody Dwr | E, Coo, col}, COGyn, On, I 

Ceh E, Ce, On, Vg E, 3Co, 4Cs3, 60, 3S 4 

Ded E3058 264 On, | E, 3C4, 4C3, 354, 3Ce, Ce, 30, 4S¢ 


D3q E, Cs; 3Co, S¢, l, 30g 


Table 3 is instrumental in identifying all symmetry elements in- 
herent in a molecule in a state of equilibrium. 


Exercises 


1. Write the MO of the molecule O, and ions OF and Oj. Arrange 
these particles in the order of increasing equilibrium internuclear 
distance, proceeding from the bond order. 
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Solution. Write the electronic configurations and determine the 
bond order: 


Op (645)? (OTs)? (O25) (033)? (C2p,.)? (Mep,)* (Tap,)” (%3p,) (2,)° 


u= + (10—6)=2 
O% (045)? (ofs)? (G25)? (025)? (S2p,)° ("2p,)° (72p,)° (2p,) 
u=—+ (10—5) = 2.5 


O5 (0,,;)? (of ;)” (02,)" (03;)? (S2p,)° (72p,)° (72p,)° (73p,)° (%3p,) 


u= = (10—1) =1.5 


The bond order values suggest that the internuclear distances will 
increase in the series: O}, O,, QO}. 

2. Proceeding from the electronic structures of BN, BO, and CO, 
arrange these particles in the order of increasing equilibrium inter- 
nuclear distance. 

Solution. Write the electronic configurations in these particles 
and calculate the bond order: 


BN (0;,)? (04s)? (G25)? (02,)? (72p,)° (2p,) (S2p,) 


u= (8—4)=2 


BO (0;,)? (07,)? (25)? (025)? (%2p,)° (Se2p,)? (O2p..) 


u=+ (9—4)=2.5 


CO (04) (o75)” (S24)? (03,)? (%2p,)° (Tap,)° (S2p,.)* 


1 


The bond order values suggest that the equilibrium internuclear 
distances will increase in the series: CO, BO, BN. 

3. Determine the equilibrium geometrical configuration of the 
molecule BeH, in terms of the MO theory. Define the point symmetry 
group. 

Solution. The molecule BeH, contains a total of four electrons 
participating in o-bonding. There are two bonding electron pairs. 
The molecule lacks unshared electron pairs. As can be inferred from 
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the diagram in Fig. 5, the equilibrium geometrical configuration of 

the molecule BeH, is linear. The molecule belongs to the point sym- 

metry group C wp. | 
4. A point L has coordinates z, y, and z. Write the transformation 


equations for the symmetry operation S(o,). 


Solution. The symmetry operation S(o,) is a reflection in the 
plane zy. Plot the point before the symmetry operation (Z) and 


after (L’), as in Fig. 6. The transformation equations will be 


S(o,,z=2; S(o,) y=y; S(o,)2z2=—2z 
5. A point has coordinates z, y, and z. Write the transformation 
equations for the symmetry operation S(o,). 


Solution. The symmetry operation S(o,) (see Table 2) is a re- 
flection of the point in the plane yz in Fig. 6. The point Z will become 
L" after the reflection operation. 
Hence the transformation equations 
are: 


s 


z L 


S(o,) I= —T; S(o,) y= y, 


A 


S(0,)2=2 


6. Analyse the symmetry ele- 
ments and operations for the mole- 
cule NHs. 

Solution. The ammonia molecule 
NH, has the structure of a trihedral 
pyramid with the nitrogen nucleus 
at its vertex. The three-fold axis 
Fig. 6. S(a,) Transformation of a of symmetry C, passes through the 

point in a plane nucleus of the nitrogen atom, and 

there are three symmetry planes 

O,. Consequently, according to Table 3, the molecule NH, 
belongs to the point group C3,. 

¢7. Using the molecule NH, as an example, check whether the first 
condition of a group, whereby the product of two symmetry elements 
is a symmetry element, is met. 

Solution. Write all possible products of symmetry operations for 
NH, in the form of a matrix of products. To this end, the first line 
and the first column must include all symbols of the symmetry ele- 
ments of the molecule NHg. The intersection of the line and column 
will contain the symbol of the corresponding product of the sym- 
metry element in the first column by that in the first line. 
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2) 2 (3 { 
o@ | o | of | ot C, E 


C3 
3 1 2 
of) | gf) o} | of?) | C3 Cy E 


The symmetry elements in the second line and in the second column 
do not differ from those in the first line and in the first column, re- 
spectively, because they are essentially a product by the identity ele- 
ment £. To form the third column first mentally perform the op- 
eration in the first column, then the operation in the first line. For 
example, C05 = of’. The matrix shows that all products of two 
elements represent a symmetry element. 


Problems 


1. Determine the equilibrium geometrical configuration of the mole- 
cule GQ, in terms of the MO theory. Define its point symmetry 
group and enumerate the symmetry elements. 

Z. Determine the equilibrium geometrical configuration of the 
ion NO;. Define the point symmetry group and enumerate the sym- 
metry elements. 

3. Determine the equilibrium geometrical configuration of the 
molecule NH,. Define the point symmetry group and enumerate 
the symmetry elements. 

4. Determine the equilibrium geometrical configuration of the 
particle PF,;. Define the point symmetry group and enumerate the 
symmetry elements. 

9. Determine the equilibrium geometrical configuration of IF;,. 
Define the point symmetry group and enumerate the symmetry ele- 
ments. 

6. What is the order of the symmetry axis passing through the two 
carbon atoms in the para pogs#OT iithe benzene molecule? 


30) Problems and Exercises in Physical Chemistry 


7. What is the order of the symmetry axis passing through the cen- 
tre of gravity of the benzene molecule at a right angle to its plane? 
8. Write the coordinate transformation equations for the symmetry 


operations S(C pn) a S(C,) y, and S(C,) z. 

9. Write the coordinate transformation equations for the sym- 
metry operations S(S,)2z, S(S,)y, and S(S,) 2; z is a rotation 
reflection axis. 


Multivariant Problem 


Define the point symmetry group, determine the equilibrium geo- 
metrical configuration, and enumerate the symmetry elements for 
compound A. 


Variant Compound A Variant Compound A Variant Compound A 
1 H,0 10 CO2- 18 NF, 
2 PtCl?- 14 C,0, 19 N.O 
3 NH, 12 SO, 20 Os 
4 SiHF, 13 SO, 24 PI, 
5 Sic], 14 PCI, 22 SO?- 
6 HCN 15 CoH 23 SbCl, 
i SiH,F 16 SbF, 24 CH, 
8 SiH, 17 NC1O, 25 CHCl, 
9) CH=CH 

CHAPTER 3 


Rotation and Rotational Spectra 
of Diatomie Molecules 


Basic Equations and Symbols 


The rotational energy of a molecule is determined from the equation 
| a Be 292 
fo —geay /U+)=5-10+1) (3.1) 


where / is the moment of inertia, kg m?*; 2 is Planck's constant; and j 
is the rotational quantum number. If it is assumed that the parame- 
ters of a molecule during rotation remain constant (r, = const and 
I = const), Eq. (38.1) can be written as 


Enot = Boj (i +1) (3.2) 


where B, = h?/8n*J is the rotational constant, J. 
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A change in the rotational energy of a molecule will be 
F , oH fe 
Aero = &rot — Sot = gazy Li’ G+th—j"' G+} (3.3) 


where €&ro¢ is the rotational energy in the final state of the system, 
and e-5: is the rotational energy in the initial state. Since according 
to the Pauli-Fermi principle Aj = +1, in the absorption spectrum 
Aj = +1 and j’ —j” = 1, and Eq. (3.3) takes the form 


z 
Aerot = Gap V+) (3.4) 


A€.ot = hev (3.5) 


where ¢ is the velocity of light, and v is the wave number of an ab- 
sorbed light quantum; 


os Agrot 


h ; 
° he 4n®QIc (j + 1) (3.6) 
or, for a rigid rotator, 


v= Bij +1) (3.7) 
ba = — being the rotational constant, m~!. [f the constants are 


substituted, then 
~44 
Bi = ai x 


The molecule’s moment of inertia in the general expression will be 


(3.8) 


I = )) mir’ (3.9) 
i 
For asymmetrical diatomic molecules 
f=mri+ mr (3.10) 
In the case of free rotation of the molecule, mr, = m,r,, then 
f= ure (3.41) 
where wp is the reduced mass; 
— _ milly gM 
HS Smaem  ay-bay BR ies 


where a; stands for atomic masses; mc is the mass of the carbon atom, 
kg: mo/12 = 1.6604 10-*’ kg; 


= Vis =V water GRE = — (3.13) 
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The difference between the wave numbers of adjacent lines in the 
rotational absorption spectrum is 


Av =v. —v, = B; (3.14) 


The absorption of light quanta by a molecule of a substance is pos- 
sible only when the molecule has a constant electric dipole moment. 

The rotational energy levels are degenerate. The degeneracy g; 
is determined from the equation 


Exercises 


1. In the far IR region 1H*°C) absorbs radiation with the follow- 
ing wave numbers: 


Line No. { 9 3 h 5 6 7 
v7, m7 8538.4 10673.0 412807.6 14942.2 17076.8 19244.4 241346.6 


Find the mean value of the moment of inertia and the internuclear 
distance. 

Solution. Given the above wave numbers of the absorption lines 
associated with the change in rotational energy, determine the value 


of AVay: To this end, determine the difference between the wave 


numbers of adjacent lines and the mean value of AVay will be 2134.6 


m-!, Then, Eqs. (3.14) and (3.8) will give the value of the moment 
of inertia: 


T= 9.0981 xX 10-44 


Sag = 2-62.26 x 10°" kg m? 


The equilibrium internuclear distance is calculated using Eq. (3.13); 
to do this we must know the reduced mass which is derived from 


Eq. (3.12): 
4x 35 


w= age 1.6604 x 10-2? = 1.6143 x 107" kg 
2.6226 x 10-47 
re =V “1.6143 X 1027 _ 


2. Calculate the wave number of the jine in the rotational absorp- 
tion spectrum of F’*Br, which corresponds to the transition of the 
molecule from the level j = 1 to the rotational quantum level j = 2, 
provided the equilibrium internuclear distancer, is 1.7555 X 107m 

Solution. The wave number of the absorption line is determined 
using Eq. (3.6). For this purpose the molecule’s moment of inertia 
is to be calculated. Determine the reduced mass from Eq. (3.12) 


= 1.2746 x 107!° m 
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and the moment of inertia from Eq. (3.11): 


_ 19x 79 -27 4} . -27 95 0-27 & 
b= 9179 1.6604 x 10 15.3 x 1.6604 x 10 20.4 x 4 g 


T= 25.4 x 10787 (1.7555 x 1071)? = 78.355 x 107%? kg m? 


Then, 
~ 6.6256 X 10734 (1-+-4) 
v= EK 34149 XB K 10 X 18.999 x 10-8 
=Q,.714 « 102 x 2= 1.428 « 107% m! 


3. Determine the rotational energy of “FBr on the rotational 
quantum level j = 1 if the equilibrium internuclear distance r, is 
1.7555 xX 10-7° m. 

Solution. Knowing the internuclear distance and having deter- 
mined the reduced mass of the molecule, find the moment of inertia J. 
Hence, according to Eq. (3.4), the rotational energy will be 

(6.6256 x 10734}? 

822 x 78.355 & 1074" A (t+ f) 
== 0.07096 « 10° « 1 x 2= 0.1449 x 107% J 


4. What is the difference between the wave numbers of absorption 
lines in the rotational spectra of 1H*°Cl and 1H?’Cl if the line cor- 
responds to transition of the molecule from the rotational quantum 
level j = 6 to j = 7? The equilibrium internuclear distance in 
both molecules is the same and equal to 1.2746 « 10-7! m. 


Solution. Determine the moments of inertia of the molecules 
LHC] and 4H°"Cl: 


1H36C) J = —X2 4.6604 x 1072? (1.2746 x 10789)2 


{4-35 
= 2.6226 x 10-47 kg m2 
tHCL = 1X38" 4.6604 x 10-2? (4.2746 x 10739) 


{+37 
= 2.0265 x 10°*? kg m? 


~ 9.0981 x 1074 4 = 
for “HCl v= sy e55gqgaar «8 X 7 = 89.6516 x 10% m 


for SHC) v= pee 6 x 7 = 89.5184 x 103 mo 


The absorption line of *H®°Ci is shifted with respect to the line of 
1He"Cl towards smaller wave numbers by 133.15 m7}. 


Ee, = 


Problems 


1. Given the equilibrium internuclear distance in the molecule 
1H’"T (use one of the standard handbooks), calculate its moment 
of inertia. 

Z. Determine the rotational energy of the molecule +H’I on the 
first ten rotational quantum levels and the wave numbers of the 
first nine lines in the rotational absorption spectrum, if the mole- 
3—0878 
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cule’s moment of inertia J is 4.295 x 10-4” kg m?. The molecule is a 
rigid rotator. 

3. In the far IR region of the rotational absorption spectrum of 
a substance HX several absorption lines are observed with the fol- 
lowing wave numbers (m~!): 13649.4, 15355.6, and 17061.8. The equi- 
librium internuclear distance r, = 1.4446 x 10-'° m. Determine 
the atomic mass of X. 

4. Compare the rotational energies of HF molecules on the first 
ten rotational quantum levels with the mean kinetic energy of the 
molecules’ translational motion at the following temperatures (K): 
300, 500, and 1000. The value of the moment of inertia is given in 
the handbook. 

o. Determine the wave numbers of the first ten lines in the far 
IR region of the absorption spectrum of 'H'!®F. The molecule’s mo- 
ment of inertia is given in the handbook. 

6*. Determine the ratio N;/N, (N; and N, standing for the num- 
ber of molecules on the jth and zeroth rotational quantum levels of 
1FT9F’) on the first ten rotational quantum levels at 300 K. 

9 


7*, Determine ee and, ignoring the number of 1H'*F molecules 
0 


j=0 
occupying the rotational levels j >> 9 at 300 K, calculate the num- 
ber of molecules on the first ten rotational quantum levels, provided 
{ mole of 'H?*F is taken. 

8&*,. Given the results of solution of Problems 4, 5, and 7, draw 
the energy levels, transitions of molecules during absorption of 
electromagnetic radiation, and the absorption spectrum, taking 
into account that the probability of absorption is independent of 
the energy of the quantum level from which the transfer occurs. 

9*. The following lines have been identified in the spectrum of 
2CMrO, taken with the aid of a high-resolution instrument: 


j | ‘vy, emul j ‘y, emi j v, em71 
Q 3.845 10 42.263 21 84.330 
1 7.690 14 46.098 22 88.138 
2 11.534 12 49.939 20 91.943 
3 15.379 13 53.163 24 95.744 
4 19.222 14 57.993 25 99 .541 
o 23.065 15 61 .420 26 103 .334 
6 26.907 16 65.245 27 107.124 
7 30.748 17 69.068 28 110.909 
8 34.588 18 72.888 29 114.690 
9 38 .426 19 76.705 30) 118.467 

20 80.519 


nS SE gS SS SEG 
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Find the mean value of the moment of inertia and the equilibrium 
internuclear distance in the molecule 1*C1*O. 

10. Proceeding from the data tabulated in Problem 9, determine 
the rotational energy (in J) of the molecule '#C**O on the rotational 
quantum level j = 30 

11*. Proceeding from the data tabulated in Problem 9, deter- 
mine the change in the internuclear distance in the molecule '*C**O 
as it is transferred from the zeroth to the 30th rotational quantum 
level. Demonstrate that the molecule 'C'*O is not a rigid 
rotator. 

12. Determine the difference between the wave numbers of absorp- 
tion lines in the rotational spectrum of the molecules 'H®°Cl] and 
*H*Cl- during their transition from the rotational quantum level 
j =6 to j = 7. The equilibrium internuclear distance is the same 
in both molecules and equals 1.2746 x 10-!° m. 


Multivariant Problems 


1. Calculate the moment of inertia and the equilibrium internuclear 
distance in molecule A from the difference between the wave num- 
bers of adjacent absorption lines in the far IR region. 


Variant Molecule A AY, cm-l Variant Molecule A Av, cm71i 
{ 1FLS5C] 21.35 14 *H8!Br 8.64 
2 *H3°C] 10.97 19 sHelBr 0.03 
3 335] 7.91 16 $5] 19F 1.03 
4 1H37C] 21.32 17 37C]19F 1.01 
4) *HS’Cl 10.94 18 35C]79Br 0.195 
6 sFT3"C] 7.48 19 s6C[81Br 0.194 
7 1H? Br 17.06 20 s7CL Br 0.188 
8 *H7?Br 8.64 21 37C]8Br 0.187 
9 SH? Br 2.83 22 1F{l2"] 13.13 

10 i198 42.22 23 ati??? 6.61 
14 *H9F 42.17 24 sH{127] 4.44 
12 SHL9F 19.48 20 12C14N 3.80 
13 1HelBr 17.06 


2. Given the equilibrium internuclear distance in molecule A, 
calculate the wave numbers of the first ten lines in the rotational] 
absorption spectrum, assuming that the molecule is a rigid 
rotator. 


3 
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Variant Molecule A r.X 1010, m Variant Molecule A TeX 1010, m 
1 2C1H 1.120 14 325!1H 1.341 
2 12€ 160 1.128 15 325160 1.481 
3 12C19F 1.267 16 12C2H 1.120 
4 12(35C] 1.6495 17 12C37C] 1.645 
o 1231p 1.908 i8 2881°H 1.021 
6 28Si/H 1.521 19 28Si37Cl 2.058 
7 28Si15O 1.909 20 14N2H 1.038 
8 28Sil9F 1.600 21 16Q3H 0.971 
) *8Si35C] 2.058 22 32$°H 1.341 

10 M4N1H 1.038 23 13C38H 1.120 
11 14Ni&Q 1.151 24 *8Si3H 1.921 
12 1601H 0.971 29 $25°H 1.341 
13 16QO2H 0.971 

CHAPTER 4 


Rotation and Rotational Spectra 
of Polyatomic Molecules 


Basic Equations and Symbols 


The moments of inertia of a molecule rotation about the principal 
axes passing through its centre of gravity will be: 


I,= 2 miris, Iy=Q)miry, 1,5 pa m,r%, (4.1) 


where m; stands - masses of atomic nuclei, acl Tix, iy, and Pr;, 
are the equilibrium distances from the atomic nuclei to the axes of 
rotation. Taken as the origin of coordinates is the molecule’s centre 
of gravity whose ordinates can be determined from the equations: 


ds miriz=0, di miriy =, 2 mri, =0 (4.2) 


Linear ‘ikea muleiiies have two ee of freedom of rota- 
tion about axes normal to that of the molecule. Nonlinear polyatomic 
molecules have three degrees of freedom of rotation. 

Distinction is made between three types of molecules: (1) spheri- 
cal top, J, = J, = 1,; molecules of this type have — axes of 
symmetry “of the order n > 3; (2) asymmetric top, [, #1, ~€1,; 
molecules of this type lack axes of symmetry of the order n 0: 
-(3) symmetric top with two of the three moments of inertia being 
equal to each other: J, = J, #J,o0r/l, 4], = I,. A common trait 
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of the rotational energy levels of polyatomic molecules is the values 
of the quantum numbers j and m,;: 
Mp, . Mp, _ Mp, 


frot = 37, OF, oT, (4.3) 


where M,,, My, and Mp, are angular momenta. At the same time, 


the projection of the angular momentum on the axis of the fixed 
coordinate system is quantized: 


M,y,=s- m; (4.4) 


2m 

where m, is a quantum number assuming integer values from —/j 
to +j, including zero. Consequently, m; assumes the value 27 + 1. 
For a spherical top with J, = Iy = J;: 


f 2 M} 
Erot = 57 (Mb, + Ms, + M3.) == (4.9) 
h a ae 
M = e011 = 5— V j (i +1) (4.6) 


The quantized values of energy will be the same as in diatomic mole- 
cules (see Eq. (3.1)).- However, polyatomic molecules of the spher- 
ical top type have three degrees of freedom, which means that for 
the rotation to be represented as completely as possible another quan- 
tum number ké is needed in addition to j and m,. The quantum num- 
ber & determines the projection of the angular momentum on one 
of the mobile axes rotating together with the molecule: 


Mp, = (h/2n) k (4.7) 


The quantum number *& assumes values from —j to -+/, including 
zero. Hence, the degeneracy of thé level will be 


g, = (2) + 1) (27 + 1) = (27 + 1)? (4.8) 


The distribution of molecules among the rotational quantum 
levels is: | 


ee 
N,=(Qj+1)2 Ne 8 RT (4.9) 


In the case of a prolate symmetric top with J/,< I, = I,, the 
relationship between the rotational constants will be A > B = C. 
From Eq. (4.5) and from the ratio of moments of inertia for a prolate 
symmetric top the rotationa) energy will take the form | 

st 1 
Crot = OT, Mp.+ ar, (Mp, +Mz>,) 
1 ( 4 4 


1 
7 a oe tqp- Mb (4.10) 
h2 


hh nz 
em (gars — eer) + Raz FO +9 (4.11) 
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After transformation Eq. (4.11) takes the form 
ej, = (A — B) k* + Bij + 1) (4,12) 


In the case of an oblate symmetric top with J, = /, < I,, the 
relationship between the rotational constants will be A= B>C. 
Accordingly, 


em, = (C — B+ Bi +1) (4.13) 


The second term in Eqs. (4.11) and (4.12) depends only on the rota- 
tional quantum number j. The first term depends on the square of 
the quantum number & determining the projection of the angular 
momentum on the principal axis of symmetry passing through the 
molecule’s centre of gravity. Each energy level is degenerate 2 (27 + 1) 
times, except for the zeroth level where & = O and the degeneracy is 
(27 +. 1)-fold. When quanta of electromagnetic radiation are ab- 
sorbed, molecular transitions Aj = +1 and Ak = Q are observed 
in the rotational spectrum. 


Exercises 


1. Find the internuclear distance r,.. in the molecule COg, if the 


moment of inertia J is 71.758 <x 10-4’? kg m*. The molecule CO, 
has the D., Symmetry. 

Solution. Since the molecule CQ, is linear, there are only two 
degrees of freedom of rotation about an axis normal to that of the 
molecule. Both moments of inertia are the same. Rotation of the 
molecule about its own axis is impossible because the moment of 
inertia of such rotation is zero and, consequently, the rotational ener- 
gy according to Eq. (3.1) is infinitely great. Find the equilibrium in- 
ternuclear distance using Eq. (4.1): 


2 
J = >) mri =2 x 16 « 1.6604 x 10 ec-0 
1 


rege Vo SI = 1.1621 x 107 m 


2x16 x 1.6604 x 1072? 


2. Determine the moment of inertia and the rotational constant 
of the molecule OCS, if the microwave region of the absorption spec- 
trum features the following absorption maxima (m~): 81.143, 121.714, 
126.686, and 202.886. The molecule OCS is linear, symmetry type: 
C eu: 

Solution. Determine the mean difference between the wave num- 


bers of adjacent lines in the absorption spectrum (m~?): Av, = 


40.571, Av, = 40.572, Av, = 40.600, Av,, = 40.581. Since the 
molecule OCS is linear, there are only two degrees of freedom of rota- 


Ch. 4 Rotation Spectra of Polyatomic Molecules 39 


tion. Both moments of inertia are equal. Find the moment of inertia 
using the equation 


h 7 3:5981 x 10744 


[= 
4n*cAv eine! 


= 137.949 «x 10°*’ kg m? 


The rotational constant will be 


[on eee, Oe -1 
Be = kneel = Av = 40.581 m 
3. Find the product of the moments of inertia, 7,/ gfc, of the 
water molecule, if the equilibrium 
internuclear distances are 7.) 4 


0.957 x 10-!° m and the equilibrium 
HOH angle is 104°31’. The molecule 
H,O has the C,, symmetry. 
Solution. Assume that the origin 
of coordinates is the molecule’s centre 
of gravity which will be determined 
from Eqs. (4.2). Then, the moments 
of inertia will be J,, JI,, and I, 
and determined from Eqs. (4.1). The 
product of the principal moments of 
inertia of the molecule can be calcu- 
lated using the secular equation 


fa - oa I sy — Ez Fig. 7. Equilibrium geometrical 
Ll alo= 1 re aed ” —t,, configuration of the water 
a 4] molecule 
Lis zz 


To calculate the nam of £;; use the following equations: 


Ten = Dy mi (Yi 24)— 47 
Ty = Dy mi (+2) Fp 
= >) m, (t+ y)-+. 
Lay = >) MxYi—~>—e 

I. = >) M4242; ~ = 

Ty,= Dy Miyizi— Fr 
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where M = >jm,. The solution of the third-order secular equation 
will be 
Lal gle — | (Loyl — dad ge) =e veer (Legles ms Ligh 5) 
—I,., Ce ae + Lgl x3) 
The solution should better be in a tabular form. The water molecule, 
the coordinates of the atomic nuclei, the equilibrium internuclear 


distances, the equilibrium angle, and the coordinate axes are given 
in Fig. 7. 


Atom mx 1026, ke x>1010, m y<i019, m zx1019, m 

O 2.656 0 0 0 

H, 0.166 —0.586 0.757 ¢ 

He 0.166 —0 .586 —0.757 0 

Y} mj = 2.988 x 10-28 kg 
Atom O Hy He b» 

z* x 102° 0 0.343 0.343 
y? x 1020 0 0.573 0.573 
xy X 107° 0 —0 .444 0.444 
mz X 108° 0 —Q .097 —().097 —0.494 
my xX 1086 0 0.126 —0 .126 0 
mzy X 1046 0 —0 .074 0.074 0 
m (x2 y2) x 1048 0 0.152 0.152 0.304 
mz? x 1046 0 0.057 | 0.057 0.4114 
my? x 1046 0 0.095 0.095 0.190 


Tex = 0.190 x 10° 
Tyy = 0.144 x 107° — 52 10-46 = 0.101 x 10-4 


an = 0.304 x 107-** — 0.038 ——— 3.988" ae 40-46 — 0.291 «x 107*6 


Lx = 0, | OP and Lis — (), Then, 
T gl gl =0.190 x 107“ x 0.101 « 10748 x 0.291 x 10748 
= 90.84 « 107!42 (kg m2) 
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Problems 


1. Find the equilibrium distance between the nuclei of the atoms C 
and S in the molecule CS, from the moment of inertia J = 94.507 X 
{0-47 kg m*®. The symmetry of the molecule CS, is D op. 

2. The mean difference between the wave numbers of adjacent lines 
in the rotational absorption spectrum of HCN is 2.977 x 10? m7. 
Determine the moment of inertia and the rotational constant B’ (m“*). 

3*. Determine the product of the moments of inertia, Jal gle, 
of the molecule SO, from the equilibrium internuclear distance 
Tego = 1.432 x 107% m and the equilibrinm OSO angle equal to 


{19°21’. The symmetry of the molecule SO, is C4,. 

4*, Determine the product of the moments of inertia, I4l ple, 
of the molecule CHCl, if the equilibrium internuclear distances are 
lec = 1.073 x 10° m and r..., = 1.763 x 10-*° m and the 


CICH angle is 108°32’. The symmetry of the molecule CHCl, is C3,. 
5. From the moments of inertia of the water molecule /, = 
0.996 x 10-47, J, = 1.908 x 1074, and J, = 2.981 x 10-4’ kg cm? 
determine the equilibrium internuclear distance r,,,, and the HOH 


angle. 

6. Prove that for nonlinear triatomic molecules J, ~J,~Tle¢ 
and Ia +I, —— ae ee 

7*. Determine the principal moments of inertia of the molecule 
*'P'H; from the equilibrium internuclear distance r,, ,, = 1.4206 x 


10-*° m and the HPH angle equal to 93°5’. Find out whether the 
molecule PH, is an oblate or prolate symmetric top. 

8*. Determine the energies of the first ten rotational quantum 
levels of the molecule **P'H, if the principal moments of inertia 
of the molecule are J, = J, = 6.237 < 10-4’ kg m? and J, = 
7.141 x 10-4? kg m*. Draw the energy levels to a conventional scale, 
using arrows to indicate the possible transitions during absorption 
of light quanta in the far IR region. 

3. The moment of inertia of the molecule NH, about the prin- 
cipal axis of symmetry is [ = 1.085 x 10-4’ kg m*. Define the ratio 
of the number of molecules on the rotational level j = 5 to that of 
molecules on the zeroth rotational quantum level at 1000 K. 

10. Determine the principal moments of inertia and the product 
of the principal moments of inertia of the benzene molecule if Teouy = 


1.084 x 10- m and 7, = 1.397 x 107% m. The benzene mole- 
cule is planar and has the Dg, symmetry. 


Multivariant Problem 


The molecule XY, has the 7a¢ symmetry. Given the equilibrium in- 
ternuclear distance X-Y: (1) determine the molecule’s moment of 
inertia, (2) calculate the rotational constant B, (in J) of the mole- 
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cule, (3) calculate its rotational energy on the rotational quantum 
level j = 10, (4) calculate the ratio of the number of molecules on 
the level j = 10 to that of molecules on the zeroth rotational quan- 
tum level at 300 K, (5*) calculate the rotational energies of the 
molecule XY, on the first twenty rotational quantum levels, (6*) 
calculate N,/N, for the first twenty rotational quantum levels at 


300 K, (7*) calculate 5,54 at 300 K, (8*) determine the number 
0 


of molecules on the zeroth rotational quantum level if 1 mole of 
XY, is taken and it is assumed that N,/N, for the levels j > 20 is 
insignificant, and (9*) determine the number of molecules on the 
level 7 = 5 at 300 K. 


he XY4 ry_yX1010, m | Vane XY4 ry yX1010, m 
1 12CiH, 1.093 14 | *%*Si29F, 1.540 
2 12C?H, 1.093 15 295119 F, 1.540 
3 | 03H, 1.093 16 | s0gi1eF, 1.540 
4 | %2gi1H, 1.480 17 72Gel9F, 1.670 
D 28Si7H, 1.480 18 119Sn!°F, 1.840 
6 28Si3H, 1.480 19 1eT[19F, 1.740 
7 | @GelH, 1.527 20 | %zrleR, 1.850 
8 *2Ge2H, 1.9527 24 OHO R4 1.3890 
9 | 7Ge°H, 1.527 22 | x27 pplep, 2.020 

10 119Sn1H, 1.704 23 20Si1H, 1.480 
11 Megn2H, 1.701 24 | Si2H, 1.480 
12 | 19gn9H, 1.701 25 | Si3H, 1.480 
13 12C19F 1.322 

CHAPTER 5 


Vibration of Atoms in Molecules. 
Vibration and Vibration-Rotation Spectra 


Basic Equations and Symbols 


The vibrations of diatomic molecules at low amplitudes are given 
approximately by the equation 


= —k, (r — r,) (9.1) 


where f is the force of interaction between atomic nuclei, N; k, is 
the force constant, N/m; and r and r, stand for the internuclear dis- 


Ch. 5 Vibration of Atoms in Molecules 43 


tance, m. For a harmonic oscillator, solution of Eq. (1.3) gives 


Evibr = (v+—) y & (9.2) 


where ¢€,,,, is the vibrational energy of atoms, v is the vibrational 
quantum number, and wu is the reduced mass. The quantity ty & 


equals v. which is the vibration frequency, s~’. Substitution of v, 
by cw, yields 


4 
Evipe (v + =| hee (5.3) 
where w, is the wave number, m~. Equation (5.1) is not adequate 


for high-amplitude vibrations.The potential energy is more or less 
adequately described by the Morse equation 


U =D, (1—e7 %"-*e)|* (5.4) 

in which U, is the potential energy, and D, and @ are constants: 
D, = hew,/ 42, (9.5) 
= V 8n*pw,cz,./h (5.6) 


x, being the anharmonicity constant. 
For an anharmonic oscillator, the vibrational energy is given by 
the equation 


1 4 \2 
evibr — (v + =} hcew,. — (v ++ =) hcw.Le (0.7) 
In the vibrational spectra absorption of quanta is observed: 
hev = evibr,v — €vibr, 0 (0.8) 


where v is the wave number of the absorption line maximum, ey, ,» 
is the vibrational energy at the vth vibrational quantum level, and 
Evipr, 9 IS the vibrational energy at the zeroth vibrational quantum 
level. The following bands are observed in the spectrum: 


V1 = We — 20,2¢ (5.9) 
V. = 20, — 60,2, (5.10) 
Vv, = 30, — 120-2, (5.14) 


where v,, Vg and vg are the wave numbers of the fundamental absorp- 
tion band of the first and second overtones. The maximum value of 
the vibrational quantum number is 


Umax = (1 — 2,)/22, (5.12) 
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The maximum vibrational energy is 


Evibr, max = Acw,/4r4, = D, (5.13) 


For a molecule to be transferred from the zeroth to the maximal vi- 


oe ee a ~~) 00.0 
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Fig. 8. Rotation-vibration energy 

levels, transition of molecules 

during light absorption, and rota- 

tion-vibration spectrum of diatom- 
ic molecules 


brational quantum level vmax the 
energy 


hew 
evibr, inax — €vipr, 0 = le (1 ae oe 
(5.14) 


is required. 

If a substance is in the gaseous 
state, molecular vibration is accom- 
panied by rotation. The rotation- 
vibration energy 1s 


Er-v = Epot + Evipr 
= ByG + 1) + evibr (5.15) 
When a molecule passes from the 
zeroth to the first vibrational quan- 
tum level, the rotational state of 


the molecule changes. Then, the 
change in energy will be 


Aty-y = We (1 = 22 ¢) 
+ Bol G@ +1) -7U'+1)) 
(5.16) 


If Aj = +1, an A-branch appears 
in the spectrum: 


v= e(i—2z 


(5.47) 


And if Aj = —1, it is a P-branch 
that appears: 


Y=, (1—22,)—-—2j (5.18) 


Shown in Fig. 8 are the energy 
levels, transitions of molecules dur- 


ing absorption of electromagnetic radiation quanta, and the type 
of absorption spectrum for diatomic molecules. Equations (5.17) 
and (9.18) have been derived assuming that the rotational constant 
B, depends on the vibrational energy. The rotational constant B, 
varies inversely with the vibrational energy, which can be seen from 
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the equation 
B,=B,—« (v-+ =) (5.49) 


If Eq. (5.19) is taken into account, for the R-branch we shall have 


~ Bix: px 1.5 : : 
V= 0, — 2W,T. + a Crh) ==. a(ij+1)(@+2) (8.20) 
and for the P-branch, 
ad 2B e 1.5 
V = We — 20¢%—e— 5 Jf — FZ, a (j —1)j (5.21) 
Exercises 


1. The absorption spectrum of !°F’®Br dissolved in a nonpolar sol- 
vent features the fundamental absorption band, which is more in- 
tense, and the first overtone, which is less intense. Their wave num- 
bers are, respectively, 663.6 x 107 and 1318.2 x 10% m7}. Deter- 
mine the frequency of vibration of the atoms in the molecule and the 
anharmonicity constant. 


Solution. Substitute the values of vy and Vo into Eqs. (5.9) and 
(5.10) and solve these equations together: 


663.6 x 10?= o.— 2m,z7, 30,— 60,2, = 1990.8 x 102 


1318.2 x 102 =-20,—60,2%, 20,—6w,x, = 1318.2 x 10° 
We = 672.6 x 107 m™! 


20) -L, = 672.6 « 102 -- 663.6 x 10?= 9.0 « 102, w,2, = 4.50 x 10% m™! 
Lp, = 4.50 « 10?/(672.6 « 10°) = 6.69 x 1073 


2. Find the maximal vibrational quantum number for '°F*Br if 
w, = 672.6 x 10? m7! and x, = 6.69 x 10-3. 
Solution. Determine vmax using Eq. (5.12): 


Umax = (1 — 6.69 x 10-9)/(2 x 6.69 x 10-8) = 74.23 


Since the vibrational quantum number may only be an integer, the 
result must be rounded off: vma, = 74. The value 74.23 is the result 
of differentiation in deriving Eq. (5.12), while function (5.7) is not 
a continuous one. 

3. Determine the vibrational energy of atoms in the molecule ?F”Br 
on the zeroth and maximal vibrational quantum levels. Find the 
“> i energy if w, = 672.6 «x 107 m~!,z2, = 6.69 x 1073, and vmax= 
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Solution. Calculate the vibrational energy using Eq. (5.7) in 
which zero is substituted for v: 


Eviny = 0.5 X 6.62 x 10-84 xk 3 x 108 x 672.6 x 10? 
— 0.25 x 6.62 x 10-** x 3 x 108 x 672.6 x 10? 
= 0.66 x 10-79 J 


The vibrational energy on the maximal vibrational quantum level 
is determined from Eq. (9.13): 


Emax = 6.62 x 10-34 x 3 x 108 x 672.6 x 107/(4 x 6.69 x 10%) 


= 49.89 x 10°*9 J 


The bond energy is the difference between the vibrational energies 
on the maximal and zeroth vibrational levels times the Avogadro 
constant: 


Ey = (49.89 x 10-*° — 0.66 x 10-7°) 6.02 x 1078 
= 296.36 x 10° J/mole 


4. Determine the vibrational energies of atoms in the molecule 
SFM Br on the vibrational quantum levels v = O, 1, 2, 3, 5, 8, 12, 
20, 30, and 74 if w, = 672.6 x 10? m~, xz, = 6.69 x 10-3, and 
Umax = (4, and estimate the contribution of the second term in 
Eq. (0.7), which represents the departure of the vibration from the 
harmonic oscillator. 

Solution. Given w, and ,2,, calculate the values of hcw, and 
hew .x,, Which are 133.58 K 10-77 J and 0.89 x 10-%* J, respectively. 
Tabulate the results, writing separately the first and second terms 
of Eq. (0.7): 


v (v +) hea, x 1022, J (x 4. =) hew,x, +1022, J exig22, J 
0 66.78 Q.22 66 .56 
1 200 .34 2.00 198 .34 
2 333.90 0.06 328.34 
3 467.45 10.90 456.990 
5) 734.97 26.92 707 .65 
8 1135.24 64.30 1070.94 
12 1669.48 139.11 1530.37 
20 2737 .94 374.07 2363.87 
30 4073.52 827 .97 3245.59 
74 9950.07 4939.50 9010.97 
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The contribution of anharmonicity increases with the vibrational 
quantum number. On the zeroth and first vibrational quantum levels 
the vibrations are virtually harmonic. | 

5. Define the minimal and maximal distances between the atoms 
19F and 7Br on the vibrational quantum levels v = OQ, 1, 2, 3, 5, 8, 
12, 20, 30, and 74. Plot e,,,, = f (7). 

Solution. Solve Eqs. (5.4) and (5.7) together: 


(0+£) hea. (0+£)¥heogee= De (tee 


The vibrational energies on all vibrational quantum levels are given 
in Problem 4. Calculate the constants D, and @ using Eqs. (3.9) 
and (9.6): 

D, = 133.58 x 10-97/(4 x 6.69 x 1079) = 0.5 x 10718 J 
—_ / 8 X 3.142 X 25.4 x 1072? X 672.6 X 102 X 3 X 108 x 6.69 X 10-3 


6.62 x 10-34 
= 2.017 x 10'° 


Transform Eq. (5.4) to 1— e = Y &,,,,/D., where y = —a (r — 
r.). The values of each factor in the transformed equation are listed 
in the table on p. 49. Plot 
Evypr = f (r) from the tabulated data 
(Fig. 9). 

6. Calculate the number of ab- 
Sorption maxima in the purely ro- 
tational spectrum of HF, taking the 
necessary data from the handbook. 

Solution. Calculate the wave num- 
ber of the fundamental band of HF: 


v = W, (1 — 22,) 
= 4139 (1 — 0.043) = 3965 cm7 
Calculate the rotational quantum 


number of the maximum in the 
purely rotational spectrum with the 


€-1077/ 


wave number v = 3965 cm7?: 1.41.67, 2.02.22.42.6 r-10'°. m 


v = 2B, (ji + 1); Fig. 9. Energy levels and vibra- 
3965 = 2 x« 20.95 G +1); 7 = 93 tion amplitudes of molecule !FBr 


7. Determine the wave numbers of absorption bands in the rotation- 
vibration absorption spectrum of "F7Br if wo, = 672.6 x 102 m-! 
and 0,.%, = 4.00 X 10? m~-!. The rotational constant B= 0.714 x 
x 102 m“ and w,— 20,2, = 663.6 « 102 m=}. 

Solution. Determine the wave numbers of the absorption bands 
in the A-branch from Eq. (5.20). Calculate the wave numbers of the 
absorption bands in the P-branch using Eq. (5.21). 
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__ eS SS SS 


R-branch P-branch 
BA (j + 1)x1072, m2 | -vx10°2, m7 B,jx10-2, m7! vx 1072, m71 

O 0.714 664.31 — — 

4 1.428 665.03 0.714 662 .89 
2 2.142 665.74 1.428 662.17 
3 2.856 666 .46 2.142 661 .46 
4 3.570 667 .17 2.806 660 .74 
+) 4.284 667 .88 3.570 660 .03 
6 4.998 668 .60 4.284 699.32 
7 Si yle 669.34 4.998 658 . 60 
8 6.426 670.03 5.712 657 .89 
9) 7.140 670.74 6.426 657.17 
10 7.804 671.45 7.140 656 .46 

Problems 


1. Determine the force constant k, (N/m) for the molecule H'F 
if wow. = 4.141 « 10° mt. 

2. Determine ow, for 7H!®F if for 1H'!F wo, = 4.1414 x 10° m7“. 

3. If the wave numbers of the absorption maxima in the funda- 
mental band and the first overtone in the spectrum of the molecule 
RCO are 2.142 x 10° m=! and 4.258 x 10° m', respectively, 
find the vibration frequency (m7) and the anharmonicity constant. 

4. Given the values of the vibration frequency w, and the anhar- 
monicity constant w,z, (from the handbook) for the molecule CO, 
determine the vibrational energies on the zeroth and first vibrational 
quantum levels. 

o. Determine the maximal vibrational quantum number, the vi- 
brational energy on the zeroth and maximal vibrational quantum 
levels, and the bond energy per mole of 1H)°F. 

6. Given the values of w, and wz, (from the handbook) for H,., 
determine the ratio of the number of molecules on the first vibration- 
al quantum level to that of molecules on the zeroth level at 300 
and 1000 K. 

7. Given the values of w, and w,z, (from the handbook) for l,, 
determine the-relative population of molecules on the first vibra- 
tional quantum level at 300 and 1000 K. 

8*. lf r, = 0.7413 xk 10-7 m, wo, = 3817.1 x 107m“, and w,r2,.= 
94.96 x 102 m-! for the molecule !'H?H, determine the vibrational 
energies on the Oth, oth, 10th, 20th, and maximal vibrational quan- 


tum levels. Calculate (7 — r,) using Eq. (5.4) and plot the Morse 
curve. 
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9. Calculate the wave numbers of the first three lines in the P- 
branch of the rotation-vibration absorption spectrum of !H'F, 
taking the necessary data from the handbook. 

10. Determine the wave numbers of the first three lines in the R- 
branch of the rotation-vibration absorption spectrum of ‘HF, 
taking the necessary data from the handbook. 

11. In the R-branch of the rotation-vibration band of the absorp- 
tion spectrum of gaseous 'H®°Cl, at 298 K and normal pressure, thir- 
teen prominent maxima have emerged, their wave numbers and 
optical densities being tabulated below: 


&>, 


w,, emul D 


Wos cm7i D 


2906.3 0.155 || 5 2997 .8 0.362 9 5009.4 0.029 
2929.8 0.418 3014.3 0.231 | 10 3072.8 0.0411 
2944 .8 0.567 3030.9 0.129 || 14 3085 .6 0.005 
2980 .9 ().497 3044.9 0.065 | 12 3098 .4 0.001 


m = © 
CO -71 & 


Determine the number of molecules on each rotational quantum level 
if their extinction coefficient is independent of the rotational energy. 

12*. Calculate the wave numbers of thirteen absorption bands in 
the AR-branch of the rotation-vibration spectrum of 1H*Cl, taking 
into account that the rotational constant 8, varies, m, = 2990.95 
cm~!', and w,%, = 02.8185 cm™'. Find the value of @ in Eq. (5.19) 


from that of v of the line 7 = 12 (see parameters of Problem 11). 
Compare the found wave numbers with the experimental ones, those 
given in Problem 11 or in the handbook. 

13. The P-branch of the rotation-vibration spectrum of methane 
features lines with the following wave numbers (cm™): 3032.30, 
3043.15, 3054.00, 3064.85, and 3075.70. Determine the moment of 
inertia of the methane molecule. The symmetry of this molecule is 
T,. Find the equilibrium internuclear distance and compare it with 
the value given in the handbook. 

14. Determine the number of the vibrational degrees of freedom of 
the linear molecule CS, (symmetry D.,), the nonlinear molecule 
SO, (symmetry C,,), the molecule NH, (symmetry C3,), and the 
molecule CH, (symmetry 74). 

15. Three bands have been revealed in the IR absorption spectrum 
of MgF, at 240, 447, and 870 cm“!. The latter hand is the most in- 
tense, while the second band is the least intense. The symmetry of 
the molecule MgF, is C,,. Identify the types of vibration associated 
with the above absorption bands. 

16. Three bands have been revealed in the IR absorption spec- 
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trum of SnCl,, varying in intensity, at 104 (w), 129 (m), and 403 
(s) cm-! (w—weak, m—-medium, s—strong). Identify the types of 
vibration associated with the above bands and determine the de- 
generacy of each vibration. 


Multivariant Problems 


1. Given the natural frequencies (w,) of vibration of atoms in mole- 
cule A and the anharmonicity constants (w,z,), (1) determine the 


wave number wv and the frequency v of the absorption maxima cor- 
responding to the transitions of molecules from the level v = 0 to 
the level v = 1 and from the level v = O to the Jevel v = 2 at the 
same electronic state, (2) identify the spectral region (JR, visible 
or UV) accommodating the absorption bands corresponding to the 
above transitions, (3) determine the maximal value of the vibrational 
quantum number Umax, (4) determine the vibrational energy on the 
zeroth and maximal vibrational quantum levels (J), (5) determine 
the bond energy in molecule A (J/mole), (6) determinethe vibration- 
al energy on two and three vibrational quantum levels in the range 
from v = 0 to Umax, (7) plot the vibrational energy versus the vibra- 
tional quantum number, proceeding from the vibrational energies 
calculated above, and (8) determine the number of molecules on the 
zeroth and first vibrational quantum levels at 300 and 1000 K. 

2. Proceeding from the parameters of Problem 1, determine for 
molecule A: (1) the wave numbers of the first three absorption lines 
in the P-branch of the rotation-vibration band and (2) the wave num- 
bers of the first three lines in the R-branch of the rotation-vibration 
band. 


a ne ®,, cm71 | @,x,, em7l Beli we Mp, cml | o,x,, cm} 
{ 13°C} 2990.95 02.82 14 | *H®Br | 1884.76 22.91 
2 219°C] 2144.77 26.92 15 | §H8*Br | 1548.14 15.45 
3 | 3HSCi 1775 .86 18.36 16 | %§Ci18F 787 90 7.00 
4 | 1H8’7Cl 2988 . 70 02.74 17) | Cper 177.99 6.83 
3) 297 Cl 2140.95 26.82 {8 | 35Cl*®8Br | 443.10 1.80 
6 31137C} 4770.30 18.25 19 | 3°Cl8*Br | 441.42 1.79 
7 1H? Rr 2649. 40 45.29 20 | ?Cl?*Br | 434.72 1.77 
8 2H7°Br 1885 .33 22.73 24 | 37Cl8Br | 433.01 1.76 
9 3H?* Br 1550.47 19.37 rap am Va a | 2308 .09 38 .98 

10 as aa 4141 .03 90 .44 23 | *H!"] 1640.14 20.16 
11 ce ae 3004 .04 47.97 24 {| 3H") 1345.50 {3.07 
12 3y19 F 2907 .87 31.98 29 | 12Cl4N 2028 .62 13.44 
13 1H Br 2649 .03 49.29 
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CHAPTER 6 
First Law of Thermodynamics 


Basic Equations and Symbols 


For the final change in the state of a system the first law of thermo- 
dynamics is given by the equation 
Q=AU+W (6.1) 


where Q is the heat applied to or abstracted from the system, AU 
is the change in internal energy, and W is work. The sign of work is 
positive when it involves expansion of the system. The change in in- 


ternal energy is 
AU = U,— U, (6.2) 


where U, and U, stand for the internal energy of the system at the 
beginning and end of the process, respectively; 


H= U0 + PV (6.3) 

where H is the system's enthalpy; 
AH = AU + A (PY) (6.4) 

For ideal gases 
AH = AU + An (RT) (6.9) 
where An is the change in the number of moles of gaseous substances; 
An => (¥):—D (va) (6.6) 
The work of an isobaric process (P = const) is 

W = P (V, — V3) (6.7) 


where V, and V, are the volumes of the system at the beginning and 
end of the process, respectively. For ideal gases 


W = nR(T, — 7) (6.8) 


where 7, and 7, stand for the gas temperature at the beginning and 
end of the process, respectively, and A is the universal gas constant. 

If one mole of an ideal gas is heated at constant pressure by 1 °C, 
the work of the process will be 


WR (6.9) 
The work of an isochoric process (V = const) will be 
W = 0 (6.10) 


The work of an isothermal process (7 = const) with ideal gas ex- 
pansion will be 


W = Q = nRT In (V,/V,) = nRT In (P,/P)) (6.11) 
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where 7 is the number of moles of the gas, and P, and P, are the gas 
pressures at the beginning and end of the process. 
The work of an adiabatic process (Q = Q) will be 


Wa. es (6.12) 

W=nCly (T,—T,} (6.13) 

W = (PV, —PV.)/(y —1) (6.14) 
at nRT, _ vy-* 

W = (1 a (6.15) 


where Cy is the isochoric heat capacity of the gas, y = Cp/Cy, P, 
and P, are the initial and the final pressure, Cp is the isobaric heat 
capacity of the gas, 7, and 7, are the initial and the final temperature, 
and V, and V, are the initial and the final volume, respectively. 
The pressure and volume at the initial and final states of the system 
are related through the following adiabatic equation: 


PV? =< P,V3 (6.16) 

The heat of the chemical reaction in an isochoric process (V = const} 
is | 

Q,y = AU =U, — U,; (6.17) 


In an isobaric process (P = const), 


The first corollary of Hess’ law is given by the equation 


AH r we (v; AH;, red (v, AH;, 1); (6.19) 


i 
where v; is the stoichiometric coefficient of the reaction, >; (v; AH} Th 
1 


and >) (v;AH; 7), are the sums of standard heats of formation of the 
1 


final and initial substances involved in the reaction, AH? 7 being 
the heat of formation of a substance from simple substances under 
standard conditions at temperature 7. Standard conditions imply 
that the substance is pure at a pressure of 1 atm. The standard state 
of a substance is denoted by a superscript “°”. | 

The second corollary of Hess’ law is given by the equation 


AH; = pa (v;AHeomb. 7), — pa (v; AHeomp, 7) + (6.20) 
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where be (v; AH oomp, 7); and Ys (v; AH eomp, r )y are the sums of standard 
i 


heats of combustion of the initial and final substances. 
The temperature dependence of the heat capacity of substances is 
given by the following equations: 
for the true heat capacity 
Cy=Sr Ce= = 


for ideal gases 
Cp=C, +R (6.22) 


The equation for the mean heat capacity Cy at temperatures ranging 
from 7, to 7, takes the form 


Cx as (U, pom OMT. ae. T,), Cp ioe (H. = Ay)i(T 2 a T's) 


(6.23) 
The mean and true heat capacities are related as follows: 
T 9 T9 
Cy =z—z- | Cvar Cp=p—z-|CpdT (6.24 
Vv" T2—T; eee P™ T,—T, ) °? a 


T1 Ti 


The temperature dependence of the heat capacity is given by the 
following equations: 
for inorganic substances 


Cpz=a+t+ boTt+eT? (6.29) 
for organic substances 
Cp =at+ bT+cT*+ dT (6.26) 


where a, b, c, c’, and d are coefficients defined empirically or from 
amolecular-statistical calculations. The values of these coefficients 
are normally given in handbooks. 

The temperature dependence of the enthalpy of a substance is ex- 
pressed as 


T 
Hy; —H? = \ Cpa? (6.27) 
0 
T 
ae \ CpaT (6.28) 
298 


where H, is the substance’s enthalpy at absolute zero, and Hy — Hoag 
is the enthalpy increment resulting from heating the substance from 
298 K to 7. If phase changes occur in the temperature range of 7 
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to 298 K, Eq. (6.28) will take the following form: 


Trecr t 
Hip —Higg = | CBdT+AH yeep + | CAT +AHy 
298 Pecr 
* T 
+ | CB'dT+AH evap + \C3'aT — (6.29) 
Dan Th 


where AAH,,,,, Am, and Afl,,,p are the heats of recrystallization, 
melting, and evaporation, and Cp, Cp , Cp’’, and Cp’”’ are the heat 
capacities of the substance in the low-temperature crystalline, high- 
temperature crystalline, liquid, and gaseous states, respectively. 
The total (conditional) enthalpy of a substance at temperature 7 is 


Jy = AHP o9g + (Hr — HSq8) (6.30) 


where Jy is the total enthalpy of the substance at temperature 7 
and standard pressure for the phase state which is stable at 7, and 
AH} o9g is the standard heat of formation of the substance at 298 K. 

The temperature dependence of the heat of chemical reaction is 
given by the equation 


dAH°? 0 ° ° 
aT ay > (v;Cp) = Bs (v;C'p); a ACp (6.31) 
{ 1 


i i 
where >) (v;Cp),; and >) (v;Cp), are the sums of the heat capacities of 
( 


the final and initial substances, and ACp is the change in heat ca- 
pacity in the course of the chemical reaction 


ACp = Aa + AbT + AcT? + AdT? + Ac'/T? (6.32) 
The integral form of Eq. (6.31) will be 


T2 
AH?, = AH>, + \ ACpdT (6.33) 
Ty 
When some substances participating in a chemical reaction undergo 
phase changes, Eq. (6.33) is transformed to 


Treer Tm 


AH}, = AH}, + \ (AC3)' dT + AH veer + \ (AC>)” aT 


Pe T recr 


Ty T2 
+ AH + | (AC3)" dT + AH evap \ (AC3)" aT (6.34) 


Tw Ty, 
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In calculating the heats of chemical reactions at a given temperature, 
one can use tables with mean values of heat capacities at tempera- 
tures ranging from 298 to 7: 


T 
AH =AH3og+ | AC dT =AH393 + ACp (T—298) (6.35) 
298 
If one or several substances undergo phase changes within a given 


temperature range, the best way to calculate the heat is by using 
tables of total enthalpies or tables of functions of (H° — A39)r: 


AH? = 2 (v,J%)4— pa (v,J3), = AHo9g +A(H°—Higs)r —(6..36) 


A (7° — Higs)r = 2 V; (H° — H598) 7, 1-2 Vv; (T° — 598) 7,3 (6.37) 


With phase changes in the temperature range of 298 K to 7 it is 
convenient to use the values of (H7 — H,,,) listed in the appendix 
for temperatures ranging from 298 to 1000 K. 


Exercises 


1. Determine the work of isobaric reversible ex pansion of three moles 
of an ideal gas while it is heated from 298 to 400 K. 

Solution. The work of isobaric expansion is determined using 
Eq. (6.8): 


W = 3 X 8.3143 (400 — 298) = 2.544 x 10° J 


2. Determine the work of evaporation of three moles of methanol 
at the normal boiling point. 

Solution. The normal boiling point is the temperature at which 
boiling occurs at a normal external pressure of 1.0133 x 10° Pa. 
It is found in the handbook: 7,.). = 337.9 K. The work is deter- 
mined using Eq. (6.7) because the evaporation proceeds at a constant 
pressure. The final volume can be determined approximately from 
the law of ideal gaseous state: 


Ve — nRT,.1./P 
In the first approximation, the volume V, of the liquid can be ignored 


since at temperatures far from the critical the volume of a liquid is 
much smaller than that of vapour. Then 


W = PnRTy.y./P =nRT yy. = 3 X 8.3143 XK 337.9 = 8.428 x 10° J 
For the solution to be more exact find the densities of the liquid and 


vapour phases at J',.,. in the handbook: dj, = 0.7510 X 10° kg/m’; 
d, = 0.001222 x 10° kg/m*. From the densities we find the volumes 
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of three moles of the substance in the liquid and gaseous States: 


_ nM 3X32xK1073 ages 
dig (0.7510 x 103 ee ee 


nM _ 3X32 7 10 = 78.560 x 1073 m3 


Since density is expressed in kg/m*, the molecular weight will be 
M x 10-3. Then 


W = 1.0133 x 10° (78.560 — 0.128) x 10°? = 7.9475 x 10° J 


3. Determine the work of isothermal reversible expansion of three 
moles of water vapour from 0.5 x 10° to 0.2 x 10° Pa at 330 K. 
Under such conditions water vapour obeys the law of ideal gaseous 
state. 

Solution. Determine the work using Eq. (6.11): 

W = 3 X 8.3143 330 1n [0.5 « 10°/(0.2 x 10°)} 


= 7.542 x 10° J 


4. Determine the work of adiabatic reversible expansion of three 
moles of argon from 0.05 to 0.50 m*. The initial temperature of the 
gas is 298 K. 

Solution. To determine the work of adiabatic expansion use 
Eq. (6.15). Determine the value of y from Cp and Cy. Argon is a mon- 
atomic gas. Consequently, as follows from the molecular-kinetic 
theory of ideal gases, its isochoric heat capacity is Cy = */,R = 
1.59 < 8.38143 = 12.4715 J mole! K7}; 

Cp=Cy+ R=12.4715 4+ 8.3143 = 20.7858 J mole! K~! 


v7 = 20.7858/12.4715 = 1.667 


8.3143 x 298 0.050.667 
W = 3 Sara (1 — peggnser) = 8.745 x 108 J 


5. Determine the heat of the reaction 
Al,O; corundum oe 39505 + Alg(S04)3 cr + AH x 


at 298 K and normal pressure. 

Solution. To determine AH: use Eq. (6.19). The heats of formation 
of the initial and final substances in the standard state at 298 K 
are taken from the handbook: 


2A1+-—S O.= Al,O)-+AH} 


3 ; 
Srhomb-+ > O,=580,-+ AH 


2Al-++ 35rhomb + 60, = Al,(SO,4)s ert Aff 3 
AH; = AH: — AH: — 3A H3 = — 3434+ 1675 +3 x 395.2= —573.4kJ 
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G. Determine the heat of the reaction 
Al,Q3 corundum + 3893 = Al,(SO4)3 er 4- AU x 


if the reaction proceeds at 298 K in an autoclave with a constant 
volume and the heat at P = const is —573.4 kJ. 

Solution. Determine the heat at a constant volume from that of 
the reaction using Eg. (6.5) (the change in the number oi moles of the 
gaseous products of the reaction is An = —3 because AI,O3, and 
Al,(SO,), are solids): 


AUoo3 = Affogg + 3 X 8.3143 x 298 = —573.4 «x 10° 
+ 7.433 x 108 = —566.0 x 10° J 


7. Determine the heat of the reaction in which acetaldehyde is 
formed from glycol: 
CH,(0 H)CH2(OH) (11g) = CH;,CHO(g) So FHO0(11q) + AH; 


at 298 K and standard pressure. 

Solution. Here it is more convenient to calculate the heat of the 
reaction from those of combustion. Find the heats of combustion 
of all the substances involved in the reaction in the handbook. Par- 
ticular attention should be given to the combustion products and 
their phase states. Since in the reactions 


4) ‘ 
CH,(0H)CH,(OH)(1iq) ar oO O02, = 2C0,-+ 3H20(11q) + AH, 


and 
9) 
CH;CHO(g) + O2= 2002+ 2H20 11g) + AH, 
the heat. of combustion of water is zero, AH3; = 0. According to 
Eq. (6.20), 
AH, = AH; — AH3 — AH3 = —1192.86 + 1192.44 = —0.42 kJ 
8. Calculate the heat of ammonia formation from simple substances 
at standard pressure and 298 K from the heats of the reactions 
2H» -+ Oz = 2H20(11g) FAA? (1) 
4NH3-+30,= 6H,0 tq) + 2Ne+ AH» (2) 
AH} = —571.68 kJ, AH3= —1530.28 ki 
Solution. Write the equation of the reaction whose heat must be 
determined: 
1 o 
a Nat H.= NH; + AH; (3) 


H,Ouiq) and QO, are not in Eq. (3), therefore, in order to exclude 
them from Eqs. (1) and (2), multiply Eq. (1) by three and subtract 
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Eq. (2) from it: 
6H. +- 302 —= 4NHs a 30. = 6H20(1iq) + 3AH% =< 6H2O0 (ig) — 2No = AH; (4) 


Transform Eq. (4) and divide it by 4: 
3 
2 

AH}. o93 = AH; = (3AM, — AH,)/4 
== [3 (— 571.68) — (— 1530.28) ]/4 = — 46.19 kJ/mole 


9, The heats of solution of one mole of sodium and sodium oxide 
in water under standard conditions and at 298 K equal, respectively, 
—183.79 and —237.94 kJ/mole. In both cases, water is taken in 
highly excessive amounts. Calculate the heat AH? o93 of sodium for- 
mation from simple substances under standard conditions and at 
298 K. 

Solution. Write the equation of the reaction whose heat is to be de- 
termined, as well as those of the subordinate reactions: 


1 — 
H, + + Ne=NH,+ (84Hj—-AH5)/4 


2Na+— O.= Na,0O-+ AH+ (1) 

4 
Na+ H2O0exc = NaOH (s91) + py Het AH, (2) 
NagO + H20exc = 2NaOH(g91) + AAG (3) 


In order to exclude from Eqs. (2) and (3) NaOH,;,,)) in excess of 
water, which does not participate in reaction (1), subtract Eq. (3) 
from Eq. (2) multiplied by two: 


2Na -|- 2H,0 —— Na,O == H,O — 2NaQH (01) + H. + 2AH; = 2NaOH (so) — AHS (4) 
Transformation of Eq. (4) gives 
2Na-+ H,O =: Na,O +H,+ 2AH5 —AH;3 


In order to exclude H,O and H, from Eq. (4) and to introduce O,, 
add Eq. (4) to the equation of the reaction in which simple sub- 
stances yield water: 


1 
Hy > O2= H20+- AHS (5) 


The value of A#f3 can be found in the handbook: —285.84 kJ/mole. 
AH? 093 = AH, = ZAH{ — AHzg + AH3 = 2 (—183.79) 
— (—237.94) + (—285.84) = —415.48 kJ/mole 


{0. Determine the heat of dilution of a 30.8% aqueous solution of 
NaOH down to 0.442% at 298 K. 

Solution. Find the integral heats of solution in the handbook. 
Since the concentrations listed there are expressed in moles H,O 
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per mole NaOH, convert the concentrations: 


30.8 _ 69.2 
0 moles NaOH dissolved in 730° moles H,O 


4 mole NaOH dissolved in 2x, moles H,O 
$a eS le H.O per mole NaOH 


1” 48.0 x 30.8 
Similarly, 
0.442 ; . 99.557 
a mole NaOH dissolved in 750 moles H,O 


1 mole NaOH dissolved in z, moles H,O 


99.558 x 40.0 _ 
t= Ts0x0dD = 900 moles H,O per mole NaOH 


The integral heats of solution of NaOH for the initial and final 
solution concentrations can be found in the handbook. 


Number of moles H,O per mole NaOH 5 500 
AH*,, kJ —37.76 —42.36 
AH}, = —42.36 — (—37.76) — 4.6 kJ/mole 


Dilution of the NaOH solution is accompanied by release of heat. 
11. Given the values of the isobaric heat capacities of methane at 
several temperatures: 


T, K 300 400 000 600 700 800 900 1000 
Cp, J mole K~? 35.80 40.74 46.56 52.50 58.07 63.27 67.27 72.06 


solve an equation of the Cp = f (7) type. 
Solution. Since every experimental value of heat capacity contains 
a measurement error, to solve the equation 


(p=a+b7T +c 


or, in other words, to find the coefficients a, b, and c, we shall resort 
to the least squares method: 


>) Cp=nat+b>T+e> Tf? 


where 7 is the number of known heat capacity values (in this prob- 
lem, » = 8): 


>} CopT =a > T+) T?2+c>) 73 
>) CoT2 =a >) T?+b)) T3 +e >) LF 
To simplify the solution, let us introduce new variables: 
x (T — 300)/100, y= Cp 
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T K 7 % x2 x3 | xa | xy | x2y 
300 35.80 | 0 0 0 0 0 0 
400 40.74 | 1 { 1 1 40.74 40.74 
500 46.56 | 2 4 8 16 93.12 186.24 
600 52.50 | 3 9 27 84 157.50 472.50 
700 58.07 | 4 | 16 64 256 232.28 929.12 
800 63.27 | 5 | 25 | 125 625 316.35 | 1581.75 
900 67.91 | 6 | 36 | 246 1296 407.46 | 2444.76 

1000 72.06 | 7 | 49 | 343 2404 504.42 | 3530.94 
»; | 436.94 | 28 | 140 | 784 | 4676 | 1751.87 9186.05 

y=X+Yr+Z27? 
d >} (yy —X —Ya—-Zx2)? 
Sr 2 Dd WX — Ye —Z 24 =0 
d Y) (y—X —-Ya—Za2)? 
d S) (y—X —Yux—Zzx?)? 
——$—_, ——_ = —2 > yY-X—Yr—Zz 2=0 


>» yYy—-X—Y2—Zzr =0 
> y—-X—Ya—Zz2) z=0 
 y—X—Yr—Zz2?) 2? =0 
>) X=nX 
yyenX+YD r+Z> x? 
dty=X Di c+Y D242) 23 
Dd vy=X 2 24Y 9 842) a! 


Substitution of the values of >\z2y, )2?, d)z°, and >) «4 into Eqs. 


through (c) gives 
436.91 = 8X + WY + 1402 
1751.87 = 28X + 140Y -+ 7842 
9186.05 = 140X + 784Y + 4676Z 


(a) 
(b) 
(c) 


(a) 


(a") 
(b’) 
(c’} 
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By solving simultaneously Eqs. (a’) through (c’) we find X, Y, and 2: 


3058.37 — 56X --196Y + 9802 
3503.74 = 56X -+- J80Y 4-1568Z 


445.37 = 84Y + 588Z 


8759.35 = 140X + 700Y + 39202 
9186.05 = 140X -}- 784Y + 4676Z 


426.80 = 84Y + 7562 


445.37 = 84Y + 5882 


426.80 = 84Y +7562 _ 
— 18.67 = 168Z Z= —0.111 


y= 2ST — 6.079 


ies: 3058.37 — 196 x = x 0.411 — 35.979 


é -~, FT—300 T — 300 \ 2 
Cp = 35.279 + 6.079 —T= —0.114 ( = 


= 35.279 + 6.079 « 10°27 — 18.237—0.111 x 10747? 4+ 0.666 x 10°22" 
— 0.999 = 16.043 + 67.45 x 10°37 — 11.1 x 10°72 


Thus, 
Cp = 16.043 + 67.45 x 10-37 — 11.1 x 10°°T? 


{2. Calculate the mean heat capacity Cp of ammonia at tempera- 
tures ranging from 298 to 1000 K. 

Solution. The mean heat capacity is calculated using Eq. (6.24). 
For the equation Cp = f (7), see the handbook: 


Cy = 29.80 + 25.48 x 10°37 — 4 le 105 


This equation holds in the temperature range of 298 to 1800 K: 
1000 


mo 1 = 1.67 x 105 
Cp=a5 aE \ (29.80 + 25.48 x 10°7 —=STAE ) ar 
= 0.001425 | 29.80 (1000 — 298) + 12.74 x 10-8 (10002— 298”) 


+ 1.67 x 10° (7 : ) |= 29.81 + 16.54—0.56 


4000 =—s-—-«.298 
= 45.79 J mole! K7! 


13. Calculate the change in enthalpy when Ag(Cl is heated from 298 
to 1000 K at standard pressure (Hi9q9 — Hi9g) and the total enthalpy 
of AgCl at 1000 K. At 728 K, AgCl melts. AH, at the melting point is 
13.21 kJ/mole. The temperature dependence of AgCl,,) can be found 
in the handbook. The heat capacity of liquid AgCl at temperatures 
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ranging from 728 to 1000 K remains virtually constant and equal to 
66.99 J mole K7. 

Solution. Determine the heat of AgCl heating using Eq. (6.29), 
assuming a single phase change in the given temperature range: 


728 1000 


Hp—Hios = \ Cosy @T+AHgt | Craig Al 
298 728 
Cis) = 62.26 + 4.18 x 10-37 — TESOKI 
~ 11.30 « 105 
Hyp —Higg = \ (62.26 44.18 x 10°7 —~SS ) ar 
298 
1000 
$13.24 x 108 4- \ 66.99 dT = 62.26 (728— 298) 
728 


+ 2.09 x 10° (728% 298%) + 11.30 x 105 (5 — +. ) 


+ 13.21 x 103 + 66.99 (1000 — 728) = 56.88 x 103 J/mole 


Calculate the total enthalpy using Eq. (6.30), the value of AZZ? 298 
being found in the handbook: 


Jioog = —126.8 + 56.88 = —69.92 kJ/mole 


14. Determine the heat of the reaction 
3 
CH;0H(g) a ape O,=CO.-+ 2H20(g) 


at 000 K. The heat capacities of all the substances involved in the 
reaction are constant and equal to CB oo. 

Solution. The heat of the reaction is determined using Eq. (6.33) 
where 


ACp —= ACD. 293 = const 
The necessary values of the heat of the reaction at 298 K and the 


change in heat capacity can be found from the heats of formation of 
all substances and heat capacities listed in the handbook: 


Substance CO, H.0(¢) O, CH,0H(g) 
AH’ o9g, J/mole —393 .54 —241 .84 0 —201 .2 
Cp‘o9g7 J mole K-? 37 .13 33 .56 29 .36 43.9 


AH 39g = (—- 393.51) + 2 (— 4241.84) — (— 204.2) = —675.99 kJ 
AC>, 298 = 37.13-+ 2 x 33.56 — 43.9 — + 29.36 = 16.31 J/K 
AH3o9 = — 675.99 x 103 + 16.31 (500 — 298) = — 672.7 x 103 J 
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15. Determine the heat of the reaction 
3 
CH;0H(¢) b> O. = COz+- 2H,0(¢) 


at 500 K and standard pressure. The calculation should be based on 
the mean heat capacities of the substances in the temperature range 
of 298 to 500 K. 

Solution. To determine AH2py9 use Eq. (6.35). The heat of the reac- 


tion at 298 K is —675.99 kJ. The values of mean heat capacities Cp 
for the above temperature range can be found in the handbook: 


Substance CO. H,0(¢) O, CH;0 Hyg) 


Cp, J mole! K-! 42.05 34 .48 30 .29 o2 21 


Hence, ACp = 13.365 J mole? K-, 
AH8o9 = —675.99 x 10% + 13.365 (500 — 298) = —673.29 
x 10° J 


16. Write the equation for the temperature dependence of the heat 
of the reaction 


3 
CH,0H(g) + > O2 = CO2-+ 2H20(g) 


at temperatures ranging from 1000 to 298 K. 

Solution. To derive the equation AH; = f(T) use Eq. (6.33). 
First, determine the temperature dependence of the change in heat 
capacity, which is given by Eq. (6.32). The coefficients a, b, c, and 
c’ in Eqs. (6.25) and (6.26) can be found in the handbook: 


Cp= *(T), J mole71 K-71 


Sanerance baa aaa range, 
a bx103 e’x 10-5 ex 1086 
C02 44.14 9.04 | —8.54 0 298-2500 
H.0, g) 30.00 10.71 0.33 0 2173-2000 
CH,0H,,, 15.28 | 105.20} 0 —31 .04 298-1000 
Oo 31.46 3.39 | —3.77 0 273-2000 
Z (viCp), 104.14 | 32.46 | —7.88 0. 298-2500 
Z(v;,CpP); 62.47 | 110.29] —5.66 | —31.04 298-1000 


ACD 43.67 | —78.44 } —2.22 31.04 298-1000 
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Hence, the equation of temperature dependence of the change in 
heat capacity for the above reaction at temperatures ranging from 
298 to 1000 K will be 


AC> = 43.67 — 78.14 X 10-87 + 31.04 x 10-87? — 2,22 x 10°/T? 


Substitution of ACp = f (7) under the sign of the integral and inte- 
gration from 298 to T (fT < 1000 K) give the following: 
AH 7 = Af 558 

T 


+ | (43.67~78.14 x 107 + 31.04 x 10°72 Sp) ar 
298 


AHy7=—675.99 x 103+-43.67 (7 —298) —0.5 x 78.14 x 1073 (7? — 298?) 


{ ,40- 
+ 31.04 x 10-6 (73 — 298%) + 2,22 x 105 (= —+5 ] 


— (675.99 — 9.44 + 3.46 — 0.27 —0.74) 103 


+ 43.677 — 38.91 x 10-372 +. 10.35 x 107673 + = tex 10° 


= — 682.98 109+ 43.677 — 38.91 x 10°97 
4-10.35 x 10-873 + = 


Thus, we derive the desired equation for the given temperature 
range: 


AHy = —682.98 x 10° 4 43.677 — 38.91 x 10°-°T* 
+ 10.35 K 10-87% + 2.22 « 10°/T3 


17. Determine the heat of the reaction 50, + Cl, = SO,Cl, at 
800 K and standard pressure. 

Solution. Use the table of values of (17 — H39s) for the substances 
participating in the reaction. The heat of the reaction at any tem- 
perature can be determined from Hess’ law: 


AH = AH, + 2) ¥; (Hr — X,,,) 


where AH3o9g is the heat of the reaction at 298 K, and (Hr — Ho) 
is the change in enthalpy when the substance is heated from 298 K 
to 7. The handbook contains the values of AH? ogs: 


AH893 = (—358.7 + 296.9 — 0) 10? = —61.8 x 103 J 


and those of (Hy; — H29s) for the substances involved in the reaction: 
5—-0878 
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er Sy Se enn am 


(Hp - Ho,.)x10-3, J/mole (Hp - H,,,)x107-3, J/mole 


Oo 


298 


T,K 
SOQoC1s2 SOx Cle | SOeCle 
nme sm A aS SS SS a OR ET SSE 


298 0.000 0.000 0.000 700 39.087 | 18.590 | 14.424 
300 ().167 (0,084 0.064 800 44.466 | 23.740 | 18.134 
400 8.248 4.271 3.938 900 53.970 | 29.058 | 24.860 
900 16.874 8.793 7.109 1000 63.5599 | 34.459 | 25.604 
600 20.834 | 13.566 | 10.748 


AH8o0 = (—61.8 x 10% + 44.466 — 23.740 — 18.134) 10° 
= —99.208 x 10° J 


18. Determine the heat of the reaction 2NaOH -+ CO, = Na,COs+ 
H,O at 700 K and standard pressure. 

Solution. The choice of the approach to solve the problem of cal- 
culating the heat of a reaction involving condensed phases depends 
on whether the substances undergo a phase change within a given 
temperature range. To determine the phase state, find the phase 
change temperatures in the handbook: 


Recrystallization 
Substance (a —> 8) Melting point, K Boiling point, K 
temperature, K 


a-NaOH 572 593 700 
a-Na,CO, 629 700 = 


Both solids change their phase state at temperatures ranging from 
298 to 700 K. As a result, use of Eq. (6.34) will complicate the cal- 
culation considerably. Therefore, it is preferable to use Eq. (6.36) 
in the calculation (see the appendix): 


substance a-NaOH a-Na,CO, CO, 20. 
AH? ogg: kJ/mole —426 .6 —1429 —393 .51 —241 .84 
(1399 — Hog), kJ/mole 42.748 a7 612 17.782 14.226 


AH8o3 = —1129 — 241.84 + 2 x 426.6 + 393.54 = —124.13 kJ 
(H8o9 — H8os) = 57.612 + 14.226 — 2 x 42.748 — 17.782 
— —31.440 kJ 
AH8y9 = —124.13 — 31.440 = ~—155.570 kJ 
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Problems 


1. Calculate the change in internal energy during evaporation of 
20 x 10-3 kg of ethanol at the normal boiling point if its specific 
heat of evaporation is 837.38 <x 10° J/kg and the specific volume 
of its vapour at the same temperature is 607 x 10-° m*/kg. The 
volume of the liquid phase is to be ignored. 

2. Determine the change in internal energy during evaporation 
of 1 kg of water at the normal boiling point if the heat of evaporation 
is 2258.7 J/kg. Assume that the water vapour is an ideal gas and 
ignore the volume of the liquid phase. 

3. At 273 K and 1.0133 x 10° Pa, 5 x 10-3 m?® of krypton is 
heated to 873 K at a constant volume. Determine the final pressure 
of the gas and the heat expended in its heating. 

4. A vessel having a volume of 5 xX 10~* m® contains nitrogen 
at 200 K and 0.5 x 10° Pa. Determine the heat to be imparted to 
the gas for its pressure to go up to 2 xX 10° Pa. Assume that nitrogen 
is an ideal gas under the above conditions. Find the parameters neces- 
sary for solution of this problem in the handbook. 

5. At 298 K, 1 x 10-* kg of oxygen is compressed adiabatically 
from 8 X 10-3 to 5 x 10°? m®. Determine the final temperature, 


the work of compression, the change in internal energy, and the 
change in enthalpy if Cy = 2R. 

6. A vessel contains an unknown gas at 298 K. This gas is assumed 
to be nitrogen or argon. Sudden expansion of 5 x 107° m? of this 
gas to6 x 107° m? has brought down its temperature by about 20 °C. 
Which of the two gases—argon or nitrogen—is in the vessel? 

¢7. Determine the final temperature of the gases Ar, H,, and H,O 
if the pressure is increased or the volume is decreased ten-fold during 
adiabatic compression. The initial temperature is 298 K. Assume 
that the gases are ideal. 

8. At 298 K, an ideal monatomic gas isothermally and reversibly 
expands from 1.9 x 10° to 10 x 10° m® with 966 x 10? J of heat 
being absorbed in the process. Calculate the number of moles of 
the gas involved in the process. 

9. A vessel contains 10° moles of an ideal monatomic gas at 273 K 
and 1.01 <x 10° Pa. Calculate the final temperature of the gas, its 
pressure, and the work of its expansion to twice the initial volume 
in the case of: (a) slow isothermal expansion in a cylinder with 
a piston moving without friction; (b) adiabatic expansion under 
similar conditions; and (c) instantaneous removal of the partition 
separating the vessel from an evacuated space of the same volume. 
Kxplain the difference in the results obtained in the three cases. 

10. Calculate the heat necessary for the temperature of 3 x 108 
moles of ammonia to go from 273 up to 473 K at a constant pressure. 
Find the necessary parameters in the handbook. 


aad 
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11. Calculate the change in enthalpy during heating of 2 kg of 
a-SiO, from 298 to 800 K if the temperature dependence of heat 
capacity is given by the equation 

Cp = 46.94 + 34.31 x 1037 — 11.3 « 10°/T? 


12. Determine the change in enthalpy during heating of 10 kg 
of gaseous methanol from 400 to 700 K at a pressure of 1.0133 xX 
10° Pa. Find the temperature dependence of heat capacity in the 
handbook. 

13*. Given the temperature dependence of the heat capacity of 
solid heptane, find the change in enthalpy (H?fs25— Ho) for solid 
heptane by way of graphical integration. Determine the change in 
enthalpy in the process C,Hy45),0 K — Gy Uieaig. iso-5 K if the heat 
of melting of heptane at 182.5 K is 14.051 x 10° J/mole. 


T,K | Cp, Jmole-? K-21} T,K |Cp, J mole) k#il 7, K  |Cp, J mole-l K-1 
15.44 6.28 38.43 36.59 86.56 83 .02 
17.52 8.83 42.96 44.95 96.20 90.35 
19.74 11.43 47.87 47.56 106 .25 97 .22 
21.80 14.25 03.418 03.99 118.55 109.05 
24.00 17.22 65.29 65.69 134.28 413.67 
26.68 20 . 66 71.86 71.34 451.11 123 .68 
30.44 29.49 79.48 17.98 167.88 133.84 
34.34 30.85 


14. Calculate the coefficient A in Debye’s equation Cy = AT 
for heptane if at 15.14 K Cy = 6.28 J mole? K~?. Determine 
(H?s5.14— Ho) using Debye’s equation. Plot the change in enthalpy 
in the temperature range of 15.14 to 182.5 K, proceeding from the 
data of Problem 13. Calculate the change in enthalpy of solid hep- 
tane at temperatures ranging from 0 to 182.5 K. 

15. Calculate the difference (AH” — AU) at 1.0133 x 10° Pa in 
the following processes: 


Hots O,~=H,O at 298K (a) 
CH,COOC,H,; + H,0 = CH,COOH-+C,H,OH at 298 K (b) 
> No +5 H,=NH, at 673 K (c) 


C+2H,=CH, at 41073 K (d) 


16. Determine the heat of the acrylic acid synthesis reaction 
CH==CH +- CO + H,Ogqyq) = CH,=CHCOOH (ya) at standard 
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dressure and 298 K if the heats of formation (kJ/mole) are known: 


Substance CH=CH CO H,Oqiq) CH,=CHCOOH Iq) 
AH? oo, kJ/mole 226.75 —110.50 —285.84 ~—384 .37 


Also determine the heat of the same reaction at a constant volume. 
17. Determine the heat of the reaction 


CH=CH + CO+H20tq) = CHz= CHCOOH (iq) 


at standard pressure and 298 K if the heats of combustion of the 
substances involved are known: 


Substance CH=CH COQ H.Ogiqgy CHz=CHCOOH (1g) 
AH omp, 298° kJ/mole —1299 .63 —283.18 0 —1368 .03 


Also determine the heat of the same reaction at a constant volume. 

{8. Calculate the heats of methane formation from simple sub- 
stances at 298 K and standard pressure, as well as at V = const, 
proceeding from the following data: AH? 29, = —285.84 kJ /mole 
for H Od }9 AH? 298 = —393.51 kJ/mole for CO., and Af{comb, 298 = 
= —890.31 kJ/mole for CH,. 

19. The heat of Fe,0O, formation from simple substances is 
—821.32 kJ/mole at 298 K and standard pressure, and that of Al,O, 
formation is 1675.60 kJ/mole under the same conditions. Calculate 
the heat of the reaction of reduction of 1 mole Fe,O, with metallic 
aluminium. 

20. Determine the heat of As,O, formation from simple substances 
at 298 K and standard pressure, proceeding from the following 
thermochemical equations: 


As.O3-+ 3H20 exe = 2HgASOs(891) + 314.61 kJ (a) 

As ++ Cly= AsCla(g)— 298.90 kJ | (b) 

ASC] 5(g) + 3H20 exc = H3A809(g01) + 3HCl(g91) — 73.60 kJ (c) 
5 Ha +5 Cle =HCl(g) + 92.37 kd (d) 

HClig) + HeOexe = HCl(g9}) — 72.49 kd (e) 

Hts O2= N20 (11g) — 285.84 kJ (f) 


Zi. Calculate the heat of the reaction 
Gags) + 2H20(11q) = Ca(OH)a(s) + CgHe 
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at 298 K and standard pressure. Find the heats of formation neces- 
sary for the calculations in the handbook. 

22. Determine the heat of formation of the following compounds 
from simple substances at standard pressure and 298 K: (a) liquid 
benzene C,H,; (b) liquid glycol C,H,O,; (c) solid oxalic acid (COQOH),; 
and (d) liquid aniline C,H,NH,. Find the appropriate heats of com- 
bustion in the handbook. 

23. Calculate the heats of the reactions 


(COOH)a(s) = HCOOH (11g) + COz (a) 
CoH,OH (jig) + O2 = CH3;COO Hig) + H20(11q) (b) 
2CH3Cl(g) + Mg(s) = C2He(g) + MgCla (c) 
3C2Ho(g) = CeHoiiiq) (d) 

CH, -+ 480.Cle(iq) = CCl y(iig) + 4502+ 4HC1 (e) 


at 298 K and standard pressure. 

24. When naphthalene burns in a calorimetric bomb at 298 K, 
yielding water and carbon dioxide, the heat of combustion is 
—9152.96 kJ/mole. Calculate the heat uf combustion of naphthalene 
at a constant pressure if the water vapour resulting from the com- 
bustion (a) is condenséd and (b) is not condensed. 

2. A producer gas has the following composition (vol. %): CO 
21.85, CO, 7.12, H, 13.65, CH, 3.25, O, 0.90, and N, 53.23. Deter- 
mine the heat of combustion of 1 m® of the producer gas at 1.0133 x 
10° Pa and 298 K if the combustion is complete. The water vapour 
is not condensed. 

26. Determine the heat of dilution of 100 kg of 77.76% nitric 
acid with water to 25.91%. For reference data, see the handbook. 

27. Determine the heat released when 0.1 kg of 50% sulphuric 
acid is added to 0.3 kg of water. Find the necessary heats of solution 
in the handbook. 

28. Calculate the heat of mixing 0.5 kg of 20% sulphuric acid 
with 1 ke of 60% sulphuric acid. For reference data, see the hand- 
book. 

29. The heat of solution of anhydrous lithium sulphate is 
—26.71 kJ/mole. The heat of solution of crystal hydrate LiSO, - HO 
is 14.31 kJ/mole at 298 K. Calculate the heat of LiSO,-H,O for- 
mation from the anhydrous salt and water. Determine the per- 
centage content of water in partially weathered crystal hydrate of 
lithium sulphate if the heat of solution of 1 kg of this salt is —0.146 x 
10° kJ. 

30. Calculate the heat of neutralization of hydrochloric acid with 
sodium hydroxide in an infinitely dilute solution, proceeding from 
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the following data: 


HCl. 46.5H,O-- NaOH -1065.5H,O = NaCl-1112.0H,O— 57.903 kJ 
HC] -46.5H,O + 1065.5H,O = HC] -1112.0H,0 — 1.462 kJ 
HCl-14112.0H,O + coH,O = HC]: oH,O —0.419 kJ 
NaQH- 1065.5H,0 + coH,0 = NaOH: oH,O —0.376 kJ 
NaCl1-1112.0H,O -++- 0 H,O = NaCl-ooH,0 —0.292 kJ 


31. Determine the heat of formation of crystalline amino acetic 
acid NH,CH,COOH at 298 K and standard pressure, knowing that 
the heat of its combustion is —976.72 kJ/mole. Compare the found 
value with that given in the handbook. 

32. Determine the heat of combustion of crystalline p-nitrophenol, 
C,H,NO 3, at 298 K if the heat of its formation is AH? 29g = 
—191.66 kJ/mole. Compare the found value with that given in the 
handbook. 

33. Determine the heat of the reaction SO, + Cl, = SOC), cq) 
at 340 K, assuming that the heat capacities of all the reactants are 
independent of temperature and equal to those at 298 K. Find the 
heat capacity values in the handbook. 


34. Determine the heat of the reaction Na.) + slew) = Nal; 


at 370 K. The temperature dependence of heat capacities can be 
found in the handbook. 

30. Write the equation of temperature dependence of the molar 
heat of combustion of hydrogen at a constant pressure; the resulting 
water vapour is not condensed. Define the temperature range within 
which the derived equation holds. Calculate the heat of the reaction 
at 300 K. 

36. Derive the equation of temperature dependence of the heat 
of the reaction C,, + H,O = CO + Hy. Calculate AH? go. 

37. The heat of combustion of graphite at 298K is —393.795 kJ/ 
mole, while that of diamond’s combustion at the same temperature 
is —395.692 kJ/mole. The specific heats for these substances are 
720.83 and 505.58 J kg-! K-', respectively. Calculate the heat 
of graphite’s transformation into diamond at 273 K. 

38. The heat of evaporation of methanol at 298 K is 37.5 kJ/mole. 
Determine the heat of methanol’s evaporation at 320 K. Take the 
“se capacities of liquid and gaseous methanol from the hand- 

ook. 

39. Calculate the heat of formation of AlCl, from simple substances 
at 423 K and standard pressure. Find the heat effect at 298 K 
and the temperature dependences of heat capacities in the handbook. 

40*. Determine the heat of the reaction 


2NaO Ha. -+- Sid.a = Na,Si0ge + H,0(g) 
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at standard pressure and 800 K. Find the necessary parameters in 
the handbook. The heat of melting of NaOH at 595 K is 6.36 kJ/mole. 

41*, Determine the heat of the reaction S + O, = SO, at 390 K 
and standard pressure. Take the necessary parameters from the 
handbook. At 390 K sulphur crystals are in the monoclinic form. 
The phase change temperature is 368.6 K. 

42. Calculate the heat of the reaction SO, + Cl, = 5O,CI, at 
500 K. To do this, take the values of (H; — Hog) from p. 66. 

43*. The heat capacities of n-propane at different temperatures 
are as follows: 


/ game 4 300 400 500 600 700 800 900 1000 
CS, J mole? K- 73.8 94.6 4142.9 129.0 143.4 155.3 165.3 175.1 


Express the analytical relation Cp = 7 (T) as the power series Cp = 
at 6f + cf’. 


Multivariant Problems 


1. Calculate the heat of reaction A at, 298 K: (a) at P = const; 
(b) at V = const. The heats of formation of the substances involved 
in the reaction under standard conditions can be taken from the 
handbook. 


pe Reaction A ae Reaction A 
1 2He + COoO= CH,0H (iq) 44 SO, + Cl, = SO.CI, 
Z 4HCI+0,= 2HeO (4g) + 2Cl, 19 CO+ 3H,= CH,-+ HeOcig) 
3 | NH,Cl,)=NH,-+ HCl 16 |2CO+S0.=Srhomb-+ 2COz 
4 | 2N.+6H20(14q) = 4NH; +302 17 |CO+Cl,=COCI, (g) 
4) 4NO + 8H20(11q) = 4NH3 -+ 502 18 CO.+ H, = CO + H20(14q) 
6 | 2NO,=2NO+0, 19 | CO,+4H»,= CH,-+ 2H,0¢ tq) 
7 NO, = 2Z2NOe 20 2CO- = 2C0 + Os 
8 | Mg(OH),.=MgO+H,0¢) 21 |CH,+CO,=2C0+ 2H, 
9 | CaCO,= Ca0O+ CO, 22 |C,H,—C,H,+ H, 
10 Ca(OH), = CaO + H,O¢g) 23 C,H;OH(11q) = 0,0, + H,O0(ig) 
i1 Srhomb-t 2H20(11qg) = S02-+ 2H2|| 24 | CH,CHO(g)-- H,= CoH;OH(1ig) 
12 Srhomb-+ 2CO2= SO2-+ 2CO0 29 CeHe (ig) + 3H. = CoH. 


13 250.+ O,= 250, 


2. Calculate the heat of formation of substance A from simple 
substances at 298 K and standard pressure if its heat of combustion 
at the same temperature and pressure is known. The combustion 
proceeds to CO, ig) and H,Qqiq). 
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We] sitame | ome | tte 


er Substance A Formula | State 
f Acetic acid C,H,0¢ lig 
2 | 4,4-Ethylene chloride C,H,Cl, lig 
3 Ethylene chloride C.H,Cl, g 
4 | Ethylene glycol C,H,02 liq 
5 | Dimethylamine C,H,N liq 
6 Acetone C,H,0 liq 
7 Propylamine C,H;N lig 
8 Isopropanol C,H,O lig 
9 Propanol C,H,0 lig 
10 | Glycerol C,H,0; liq 
44 Butyronitrile C,H,N lig 
12 Butanol C,H,,0 liq 
13 tert-Butanol C,H,50 liq 
14 Diethyl ether C,H, 0 liq 
15 Pyridine C;H,N liq 
16 |} Amy] alcohol C;Hy20 liq 
47 Dichlorobenzene C,H,Cl, liq 
18 j Nitrobenzene CgH;O2N lig 
19 Phenol CgH,O S 
20 Hydroquinone CgH,O02 8 
21 Aniline C,H.N liq 
22 Cyclohexanol CgH,.0 lig 
23 Benzoic acid C,H,0-2 S 
24. Benzyl alcohol C,H,0 lig 
25 Heptanol-1 C,H,.0 liq 


3. Calculate the heat released or absorbed during dilution of a kg 
of an aqueous 5% solution of substance A in c kg of water at 298 K. 
(See the upper table on p. 74.) To do this, use the integral heats 
of solution given in the handbook. | 

4. Derive the analytical temperature dependence of the heat (J) 
of reaction A if the heat of this reaction at 298 K is known. The 
equations of the Cp = f (T) type can be found in the handbook. Cal- 
culate the heat of the reaction at temperature 7. Plot the relations 


pa (v;Cp), =F (T); 2 (v,Cp),=f (7); and AH7=f (T) 


in the temperature range for which the equation AH; = f (T) holds. 


et at 7,. Calculate Cp at this tempera- 


Determine graphically 
ture. 


Vari- 
ant 


Om 1H oh WN = 


Vari- 


Substance A 


HCl 1 26 2 
HC) 2 33 3 
HC] 3 30 4 
H,SO, 4 9) 1 
H,SO, is) 80 2 
H.SQ0, 1 70 3 
H,SO, 2 60 3 
HCl 3 34 1 
NaQH 4 30 4 
NaOH 5 25 Z 
NaOH { 40 3 
NaOH 2 39 4 
KOH 3 a0 2 
Reaction A 


_2H,-+ CO = CH,0H¢) 


4HC]-+ 02= 2H20(p) + 2Cl, 
6-NH,Cl = NH, + HCl 

2N2-+ 6H20(¢) = 4N H3-+ 302 
4NO + 6H,0(¢) = 4NH,-+ 50, 
N,O, = 2NO, 

Mg(OH). = MgO + H20i¢) 
CaCO, = Cad -+ CO, 

Ca(OH), = CaO + H,O(g) 


1 
> Se (g) 2H20(¢) = 502+ 2H, 


> Se (g)-+ 2C0.= S024 2C0 
250.-+ O2.= 280, 

SO -+ Cle = 5SO02C]1, (g) 

CO + 3H, = CH,+ H20(,2) 
2C0O+S0,= = Se (g) + 200, 
CO + Cl, = COC, 

CO2.-++ H,= CO-+ H2O(g) 

CO, + 4H, = CH, + 2H2O0(¢) 
CH,-+ CO,= 2C0-+ 2H, 

CoH, = C,H,-+ He 

C.H,OH(¢) = CgHy-+ H20¢g) 
CH,CHO(,)+ He = C2H,OH(g) 
CeH, (g) + 3H, = Coby. (g) 


Substance A 


KOH 
KOH 
KOH 
HNO, 
HNO, 
NH, 
LiCl 
LiBr 
NaBr 
KI 
NaCl 
Nal 


Cra dh GO pd — on dtd OG RO — CT 


7 — 
OOOO NMP Ww OO eh eS & 


j—— pe 


600 
300 
900 


300 


1000 


320 
300 


450 
000 
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5. Determine the heat of reaction A at temperature 7. Use the 
table of (A; — Hog) functions from the appendix. 


= Reaction A TK] ant, Besgon a ae 
1 |CO+ cls =COCI, 7) | 44 |CO+40,=C0, 700 
2 |CO+ > 02= CO, 500 : 
Bag Oe ae 00 | 46 | NH,--HCl=NH,Cl 600 
4 \NH,--HCl=NH,Cl 400 | 17 |2NaOH+ CO, 700 
Qo 2NaOH -+- CO. = Na,CO, 900 = Na.CO, + H,O 
— 18 |H.+ - S,=H,S 700 
oars ie saa 19 |CO+Cl,—COClI, 800 
a pero ae ee eee 600 Fo NH,-+- HCl = NH,Cl 700 
or ae 22 |2NaQOH-+CO, 800 
9 | He +> 02= 20 600 — Na,CO,-+- H,0 
44 |2Na0H+Co, 600 | 22 | He +g Sa= Hes sa 
= Na,CO,+H,0 24 |cO+Cl,—COCI, 900 
12 H+ S.— HS 600 | 25 |co+ cs 0,= C0, 900 
13 |CO+Cl,—COCl, 700 
CHAPTER 7 


Second Law of Thermodynamics 


Basic Equations and Symbols 


The relationship between heat and work in a process based on Car- 
not’s cycle is given by the equation 
wa Ore. Fi eee 7 
" Q1 Py 1 * reg 
in which y is the efficiency of the cycle, Q, is the amount of heat 
imparted, at temperature 7, to the system performing this cycle, 
Q, is the amount of heat given up by the system at 7,, and W is the 
work performed by the system. 
Among the basic properties of entropy is that in a reversible pro- 
cess, when the system passes from state 1 to state 2, the change in 
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entropy is 


2 
AS = | (7.2) 
it 


where 40 is the elementary quantity of heat. 
In an isolated system (V, U = const), entropy serves as a criterion 
of directness of a spontaneous process and the state of equilibrium: 


AS > 0 (7.3) 
The change in entropy during heating (cooling) from 7, to 7, 
at a constant volume or pressure is given by the equations 
Tg 
aT 
AS = \ Cy 4 (7.4) 
Ti 
and 
(ar 
AS = \ Co (7.5) 
A 
The change in entropy during heat absorption at a constant tem- 
perature and pressure or volume is calculated using the following 
formulas: 
AS = Q,/T (7.7) 
The change in entropy during isothermal expansion of m moles of 
an ideal gas can be determined from 
AS = nR In (V/V) (7.8) 
or 
AS = nR In (P,/P,) (7.9) 
The change in entropy during heat absorption by n moles of an ideal 
gas is given by the following equations: 
AS = nCy \n (T,/T,) + nR In (V,/V,) at P = const (7.10) 
AS = nCp In (T,/T,) — nR in (P,/P,) at V = const (7.11) 
The change in entropy during adiabatic expansion of an ideal gas 
is expressed as 
AS = nCy In (P,V3/P,V?) (7.12) 
For a chemical reaction the change in entropy, AS..a,, is calculated 
using the equation 


SD St—Dd Sj (7.13) 
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where >) 5? and >) S? are the sums of absolute entropies of the final 
and initial substances, respectively; 
 ACp 
(ASreac)T2 = (ASreac)ri t+ | —Z?- aT (7.13a) 


T1 


The change in entropy for phase changes, ASp,,., will be 
AS»... = AH),../T (7.14) 


Absolute entropy Sy is calculated as follows: 


T o 
Sp= >, \ a 4 >) Ate _ R InP, (7.15) 


0 


where the first sum expresses the change in entropy during heating, 
and the second sum, during phase changes; R In P, is the change in 
entropy during expansion (compression) of saturated vapour from 
equilibrium pressure to 1 atm. 

The basic properties of the thermodynamic potentials include: 
Gibbs’ energy G and Helmholtz’ energy A: 


P, T = const, —AG = W' (7.16) 
V, 7 =const, —AA = W’ (7.17) 
where AG and AA are changes in Gibbs’ and Helmholtz’ energies, 
respectively, in any process, and W’ is useful work. Gibbs’ and Helm- 


holtz’ energies are criteria of directness of a spontaneous process and 
the state of equilibrium: 


at P and 7 =const AG <Q (7.13) 
at V and 7 =const AA< Q (7.19) 
AA = AU — TAS (7.20) 
AG = AH — TAS (7.21) 


where AA, AU, AS, AG, and AH stand for the change in the corre- 
sponding functions in any physicochemical process; at 7’ = const 


AG = AA + A (PV) (7.22) 
For ideal gases at 7 = const 
AG = AA + AnRT (7.23) 


where An is the change in the number of moles of the gaseous sub- 
stances involved in a physicochemical process. 

The changes in Gibbs’ and Helmholtz’ energies during heating 
(cooling) from 7, to T, at a constant pressure or volume are ex pressed 
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by the following differential equations: 


6G \ 
(+) = poll (7.24) 
0 AG ; 
| = = =AS (7.25) 
GA ; 
(=) = oe (7.26) 
GAA\ 
() y= —AS (7.27) 
and the following integral equations: 
Ig T3 
on \ —SaT; AGr,—AGr,= | —AS dt 
Ty T1 
T3 T2 
Ar,—Ar,= | —SdT; AA, —AAz, = | — AS dT 
71 Z1 


Within a narrow temperature range, if Cp = const, then 
G. = Gy = AG — (C p —- S74) (T. = T,) = C pT,2.3 log (T,/T;) 
(7.28) 
The changes in Gibbs’ and Helmholtz’ energies during compression 


or expansion at 7 = const are given by the following differential 
equations: 


(4h), <P 7.29 
(sr). ~~ (7.90) 
(SP), ar ah 


(where AV is the change in volume in the course of a physicochemical 
process) as well as by the following integral equations: 
for ideal gases 


A, — A, = AA = RT In (J,/V,,) (7.32) 
G, — G, = RT In (P,/P,) (7.33) 

for condensed systems at moderate pressures 
Gz, —G, = Vewp. (P. — Pj) (7.34) 


where V..y. is the condensed phase volume; for chemical reactions 
(7 = const) 


AG, reac = 24 (AGi)¢ — 24 (AG) (7.35) 
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where >) (AG;), and px (AG,), are the sums of Gibbs’ energies for 
the final and initial atekeeiaie 

AGreac= Li (AGi)s— Xi (AGI (7.36) 

AG° = AH° —T AS° (7.37) 


where AG’, AH*’, and AS® stand for the changes in the respective 
functions, occurring in a reaction in which a given compound is 
formed from simple substances at temperature 7 and under standard 
conditions. 

The change in Gibbs’ energy for phase changes is 


AGy.o. = 0 (7.38) 
For evaporation and sublimation this change is 
AAy... = RT (7.39) 
and for melting and polymorphous transformations it is 
AAy.c. = 0 (7.40) 
Exercises 


1. At the initial temperature of 373 K, one mole of oxygen goes 
through a cycle in an ideal Carnot engine. At first, it expands iso- 
thermally to twice the initial volume, then adiabatically to thrice 
the initial volume, after which oxygen is compressed isothermally 
to such a volume which will enable it to return to the original state 
as a result of the subsequent adiabatic compression. Assuming that 
y = Cp/Cy = 1.4, calculate the work performed by the gas at each 
stage of the cycle, the work produced by the heat within the cycle, 
and the cycle efficiency. 

Solution. 1. For the first stage of the cycle, which is the isothermal 
process, the work is determined from the equation 


Wr — nRT (V,/V,) = Or 
whence 
W, = 8.314 « 373 x 2.3 log (2V,/V,) = 2146.06 J 


2. For the second stage of the cycle, which is the adiabatic pro- 
cess, the work is determined from the equation 


= l,—-Te 
W,=nkR oT 
the temperature 7, being determined as follows: 


T.=2, (= li Lye: T, = 373 (=) °° =317.2 K 
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Hence, 
W, = 8.314 2S ST* _ 1159.8 J 
3. For the third stage of the cycle, the work will be negative be- 
cause the gas undergoes compression, W,; = —nRT In (V;3/V,), 


where, as stated in the problem, V; = 3V, and the volume V, is 
to meet the condition that after the adiabatic compression the gas 
must return to the original state, consequently, 

V, y-1 __ T 
(pi) =F 
whence 


Ty . 04 (SS 


7) Sets si7.o Os 


Thus, 
W, = —8.314 * 317.2 * 2.3 log (38V,/1.5V,) = —1824.86 J 


4. For the fourth stage of the cycle, the work of the adiabatic 
process will be negative and numerically equal to that for the second 
stage because as a result of the adiabatic expansion the gas returns 
to the original state in terms of hoagie 


Wi= —nR A? = 1159.8 J 


The total work throughout the oie W=W,+W.+ W3+ W,, 
will be 

W = 2146.06 — 1824.86 = 321.2 J 
The cycle efficiency y = W/Q,, where Q, = Aj; 


824.2 ; 


We shall have the same result if 7 is determined using Eq. (7.4): 


_ Ty—T, 373 —317.2 é 
 actie 7 eeieamamee -) Camelen = 14.96% 

2. Two communicating vessels divided by a partition contain 
one mole of nitrogen and two moles of oxygen. The partition is 
removed, and the gases mix. Calculate the change in entropy, AS pj, 
if the initial temperatures and pressures are the same, while the 
volumes are different: Vy, = 1 litre; Vo, = 2 litres. The final pres- 


sure of the mixture equals the initial pressure of the gases. 
Solution. The gas mixing process is irreversible, and the change 
in entropy is given by the inequality 


2 
AS> \ = =. 


1 
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But if the irreversible and reversible processes are conducted under 
the same boundary conditions, then AS,., = AS; yey. Any irre- 
versible process can be mentally conducted in a reversible manner 
in several steps under the same boundary conditions, and the entropy 
for each reversible step can be calculated. Then, the sum of changes 
in entropy for these steps will equal the change in entropy for the 
irreversible process. In this problem, the total change in entropy can 
be substituted by the sum of changes in entropy due to separate 
expansion of each gas; that is, it can be assumed that AS), = 
ASn, + ASo,. According to Eq. (7.3): | 
ASN, = Rin (V/V n,)3 AS'o. = Rin (V/V o.) 

V=Vy,4+Vo,=1+2=3 
and 
ASmx = —2.3 X 8.31 (log 1/3 — 2 x log 2/3) 

= 15.876 J mole K- 


(tn, = 1/3 and zo, = 2/3 being the molar fractions of N, and Oz). 


3. One mole of argon, taken at T,, = 293 K, was mixed with 
two moles of nitrogen, taken at Ty = 323 K. The initial pressures 


of the components and the final pressure of the mixture are equal. 
Calculate the temperature component of the entropy of mixing. The 
heat capacities of argon and nitrogen are Cp" = 20.8 J mole! K- 
and Cp* = 29.4 J mole-! K-. 

Solution. The gas mixing process is irreversible, which is why the 
total increase in the system’s entropy should be calculated as the 
sum of changes in the components’ entropies, resulting from the 
rise in temperature and pressure drop, that is 


AS mtx — (AS nq alr AS ar) chang. T 7 (ASn, + AS ar) chang. P 


The term (ASn, + ASar)chang. 7 iS the temperature component of 
the total increase in entropy as a result of mixing. According to Eq. 


(7.5), 
(AS, + AS ar)chang. 7 = Cp?2 X 2.3 log (T/T n,) + Cp'2.3 log (T/T az) 
(1) 


in which C5" = 29.4] mole- K-1, C3’ = 20.8 J mole-! K-}; 7 is 
the final temperature of the mixture, calculated using the heat 
balance equation 


CP nay (7 — Tar) = Cr’ nn, (Tx, — r) (2) 
where ra; and ny, stand for the number of moles of argon and ni- 
trogen, respectively. Substitute numbers into Eq. (2): 

20.8 x 1 (7 — 293) = 29.4 (323 — T) 2 
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Transformation of Eq. (2) and calculations give JT = 315 K. Sub- 
stitute numbers into Eq. (1): 


AS = 29.4 x 2 x 2.3 log (315/323) + 20.8 x 2.3 log (315/293) 
—= —1,.458 + 1.504 = 0.033 J mole-! K~? 


4, Calculate the change in entropy during solidification, at 268 K, 
of one mole of supercooled benzene if at 278K AA y, CH, = 
9956 J/mole, (Cpe, = 127.3 J mole? K-, (Creu, = 123.6 
J mole“! K-!, and P = const = 1.01 x 10° Pa. 

Solution. This process is irreversible, therefore it will be mentally 
conducted reversibly in three steps (see example 2): 

AS==? 
CeHecitg), 26g ~~ Cekle(s), 268 
{ AS { Ass 
AS2 
CeHeociig), 278.5 Co He(s), 278-5 
Then, AS = AS, + AS, + ASs3. 

Calculate the values of AS, and AS, according to Eg. (7.5) and 

that of AS, according to Eq. (7.14). Then, 


__ pllig 218.5 AH S 268 
AS = Cp'2.3 log —ses- + agg5 t+ Cr 2.3 log ree 


AS = 127.3 x 2.3 log 22 4 SO 4 123.6 x 2.3 log 


— 39.89 J mole! K-! 


9. Calculate the standard entropy of ethylene if its phase change 
temperatures and heats are as follows: m.p. = 103.9 K, AHm = 
3363 J/mole, b.p. = 169.4 K, and AH evap = 13 595.4 J/mole. Take 
into — the temperature dependence of heat capacity, tabulated 
on. p. 82. 

Solution. Determine the standard entropy from the equation 

15 103.9 
(Cole (Co)¢ 
Ss, = \ BE ar + Poe at 
0 15 
169.4 vig 298 0 \8 

3363.4 (Coot 13 595.4 (CPt 

+7039 ) Spt at + egg + | pt ar 
03. 169.4 


Having converted the above values of Cp into Cp/T and plotted 
Cp/T = f (T) (Fig. 10), find the entropy for each temperature range: 

(1) by the graphical extrapolation method or using Debye’s equa- 
tion 


(iu BEES (=) * kT? 


6* 
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in which 6 is the characteristic temperature: 
Sis 9 — Spo = 0.966 J mole K-! 
(2) graphically for the range of 10.0 to 103.9 K: 
Si03.9 — Sis 9 = 51.28 J mole K~ 
(3) for the phase change: 


re) o |i fe) 6 4 = 
ASS, = S393! 9— ibs. 9 == eee = 82.34 J mole? K7! 


(4) graphically for the range of 103.9 to 169.4 K: 
Siéd% — Stog%9 = 33.22 J mole? K-? 
(5) for the phase change: 


re } o li 13 595.4 = = 
ASevap = 5169.4 — 5169.4 = —Gggq— = 80.26 J mole i koi 


(6) graphically for the range of 169.4 to 298 K: 
So§3 — Sié9.4 = 21.50 J mole“! K+ 


(7) the sum of changes in entropy for all temperature ranges will 
be SS5g = 219.62 J mole K-!. 


840 

ty 630 
O 
& 

i” 420 
oni. 


Fig. 10. C/T versus temperature in the case of ethylene 


6. Calculate the entropy of silver chloride at 870 K. 
Solution. According to Eg. (7.19), 


, : , C AH p.c, 
S§70, Agcl = 5298, agci + », \ — af +- D a 


Take the necessary parameters from handbooks: m.p. = 728 K, 
AH = 12 886.7 J/mole; Cgc: = 66.94] mole“! K>, S3eci, 298 = 


96.07 J mole! K-1, and Cp = 62.26 + 4.187 — 11.30 x 10°/T?. 
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Substitute the numbers into the equation: 


728 
; 4.18 X 10-5 41.30 x 105 
(S870, agci = 96.07 + | (a2 eh ee aay aT 
298 


-+ 66.94 x 2.3 log cs +e 


After the integration we have 


Sgo9 = 96.07 4+ 55.55 + 1.80 — 5.309 + 17.70 + 11.92 
= {77.70 J mole! K-! 


The increase in the entropy of AgCl due to heating will be 
(S85 .,—Sooe) = 81.67 J mole! K7 


and 
S370, Agcr == 177.70 J mole! K~! 


7. Determine the changes in enthalpy, internal energy, and en- 
tropy when 2.7 kg of water taken at P, = 1.0133 x 10° Pa and 
T, = 298 K evaporate at P, = 0.50665 x 10° Pa and 7, = 373 K, 
Ceo ~ Cy! = 4.187 x 10? J kg-! K-, the specific heat of evapora- 
tion being 2260.98 x 10° J/kg. Assume that the resulting water 
vapour is an ideal gas. 

Solution. Changes in the properties of a system do not depend 
on the course of the process but are determined solely by the initial 
and final states of the system. Choose any path comprising individual 
reversible steps, then the change in properties during the process wil! 
equal the sum of property changes within each step. Let the process 
under consideration comprise the following reversible steps: (1) heat- 
ing of water at P, = 1.0133 « 10° Pa from 7, = 293 K to T, = 
383 K, (2) transformation of water to vapour (evaporation) at P, = 
1.0133 «x 10° Pa and T, = 373 K, and (8) isothermal expansion of 
the water vapour at 7, = 373 K from P, = 1.0133 x 10° Pa to 
P, = 0.50665 x 10° Pa. Calculate the change in enthalpy: 


AH = AH,+AH,+ AH, 
373 


AH,=m \ CMS a7 — 2.7 x 4.187 « 103 (373 — 293) = 904.392 x 103 J 
293 
AH, = ml = 2.7 x 2260.98 x 10? = 6104.646 x 103 J 


AH, =0 


According to the Joule law, the enthalpy and internal energy of an 
ideal gas at a constant temperature are independent of pressure or 
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volume. Consequently, 
AH = 904.392 x 10° + 6104.646 x 10% = 7009.038 x 10% J 
and since Cit ~ cis, 
AU = AU, + AU, + AU, 


then 


AU, = AH, — pAV = AH — P (Vy — Vig) 
If the volume of the liquid phase is ignored, then 
AU, = AH, — pV, = AH, — nRV, = 6104.646 x 103 
— 1 8.315 x 10° x 373 = 5639.419 x 108 J 
AU, =0 


The change in internal energy during the process under consider- 
ation is 


AU = 904.392 x 10° + 5639.419 x 103 = 6543.811 x 10% J 
and that in entropy is 
AS=AS,+AS,+AS8, 


373 liq 
; Cp’ dT 
AS, =m \ A = mCp%2.303 log 52 
293 : 
— 2.7 x 4.187 x 103 x 2.303 log Se = 3.525 x 103 J/K 
AS, = AR = SACI = 16.366 x 108 J/K 
2 
_ Py 2.7 4.0133 x 10° 


== 0.865 x 103 J mole! K-! 
AS = 3.525 x 103+ 16.366 x 10%-4-0.865 x 108 = 20.756 x 108 J/K 


8. Find out whether the reaction Ag + nCl, = AgCl,) + 
( n ~=)Cl, is possible at V = const and 298 K, taking into account 


the properties of entropy. 

Solution. Entropy serves as a criterion of directness of a process 
only if the latter occurs in an isolated system, therefore mentally 
conduct the reaction under consideration at V = const and in the 
absence of heat exchange with the surrounding medium. To cal- 
culate the AS of the process assume the following: the reaction is 
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instantaneous and complete at 298 K; the released heat is expended 
on heating the excess Cl, and solid AgCl; and the reaction vessel 
does not absorb the heat. Then, the total change in entropy is the 
sum of the entropy of the reaction (AS-eac, 293) and the entropy of 
heating of AgCl and Cl, (AS ea}): 


AS = ASyeac + AS heat 
Calculate ASSaco at 298 K using Eq. (7.413): 


° ° 0 1 a, 
AS ‘reac ie Sage) —Sag— o SCis 


Sec) = 96.07 J mole“! K-!, Si, = 42.69 J mole? K7 
Sé, = 223.0 J mole? K~ 


Substitution of the numbers and calculations give ASfeac, 293 = 
—57.90 J mole? K7. 

To calculate ASyea,, first determine the final temperature of 
AgClayqg) and Clyg) from the heat balance equation. The latter 
is derived assuming that the final temperature of the system is above 
the melting point of Ag(C}: 

AF reac, 298 —~— Cagcl (Tn 298) ae AH y + C nec (7 — I'm) 
+ Nels Cy, cle (TF — 298) 
Assume that the excess of Cl, is mq, = 5 moles. The handbooks 
give AH, agc: = 12 886.7 J mole K-", Cage: = 66.94 J 
mole" Kut, AHreac = —127068 J/mole, Creer = 58.99 J 
mole“? K-*, and Cp. c1, = 36.36 J mole? Kt; 
Cy. ci,=Cp. Cig — BR = 36.36 — 8.314 = 28.04 J mole! K-! 


Substitution of the numbers and calculations give T = 870 + 2 K. 
Next, calculate the change in entropy during heating: 


ASheat = ASagci + ASci, 
AS‘agcl = (S*. 0 —~ Sona) = 81.67 J mole? K- 


Calculate ASE), using Eq. - and the relation Cy = Cp — R: 


ae 4 "eC i 870 
ASe=: | SUN... {opt | Bar 


298 
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870 
\ a (S09 ~ Soga) = 30-28 J mole? K7? 
298 
. R 870 870 
= La EO Ee Be ks “i K-14 
\ = dT = 2.3R log srs = 2.3 x 8.314 log == = 8.895 J mole K 
298 
Substitute the obtained numerical values into the equation to cal- 
culate ASpeat: 


ASneat = 84.67 + 38.28 — 8.895 = 228.6 J mole? h > 


hence, the total entropy of the process is 
AS = —57.91 + 228.6 = 170.70 J mole? K7! 


Thus, AS > 0. The reaction may take place under the above con- 
ditions (6Q = 0, T, = 298 K, V = const). 
9. Determine the change in entropy for the reaction 
Cd-+ 2AgCl = CdCl, +2Ag 


if it is conducted in a galvanic cell at 1.0133 x 10° Pa and 298.2 K, 
the emf of the cell being compensated by that applied externally 
and equal to 0.6753 V. The standard heats of formation of cadmium 
chloride and silver are —389.0 and —-126.8 kJ/mole, respectively. 
Solution. According to Hess’ law, the heat of the reaction is 


AAS, = (AH}, 298) cacig — 2 (AA}, 298) agci 
= — 389 000 — 2 (— 126 800) = — 135 400 J 


Since the reaction is irreversible, 


AS w.g. >> —135 400/298.2 


To calculate AS,,,. the reaction must be reversed. If it is conducted 
in a galvanic cell placed in a thermostat where a constant temper- 
ature and a constant pressure are maintained and if the emf of the 
cell # is compensated by an external one, the process will be revers- 
ible to all intents and purposes. In this case, Wha, = nFE, and 
the heat Q = TAS: 


AU = @Q — Wax = Q@ — (PAV + Wrax) 
or 
Q@ = AH + Wax = SH + nPE 
Substitution of the values of AH$o9g (the change in enthalpy is inde- 


pendent of the path of the reaction and, therefore, it will be the same 
irrespective of whether the process is irreversible or not), n = 4, 
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E = 0.6753 V, and F = 96 487 C into the last equation gives 
OQ = —135 400 4+ 2 x 0.6753 « 96 487 = —5084.7 J 
Hence, ASy.,. = —9084.7/298.2 = —17.05 J mole K~*, The 


change in entropy for the isolated system as a whole (i.e. the work- 
ing system plus the thermostat) during the actual process will be 


AS,.5. = — 17.05 + 22> 437.0 J mole Kt 


which proves that the process is irreversible. 
10. Proceeding from Gibbs’ energy, find out whether the reaction 


Ag + 5Cl, = AgCl is possible at P = const = 1.013 x 10° Pa 


and 298 K. 
Solution. To solve the problem the sign of AG of the reaction must 
be determined at first. According to Eqs. (7.37) and (7.31): 


AG° = AH® —TAS°* 
AH? = Ay 298 — — 127.068 kJ/mole 


AS° = Sieci— Ste—5 Sci,= —97.97 J mole K~! (see example 7) 


AG° = — 127.068 — 298( — 57.91) = — 109 804.9 J/mole 
= — 109.805 kJ/mole, AG°<0 
Consequently, the reaction is possible. 


11. Calculate AG39g for the reaction Cg.) + 2H, (g) = CH, ¢g). 
Determine AH$9g from the following thermochemical equations: 


CHyg) a 20 2) <a COxg) i 201g) ir Af... 
COx(g) == Cier) + Ong) = 7A 6 Bees 
2H 0 (1g) = 2Ho¢g) + O2(g) - 2A Hoo, 


Calculate AS39g by resorting to Planck’s postulate. 
Solution. Calculate Gibbs’ energy using the equation 


AGisg = AH3og — TAS $o8 


Use the thermochemical equations to calculate AH393 of methane 
formation: 


AF oes =AHc + 2AHy 


comb 2, comb 


If ASjx for each component of the reaction is known, at absolute 
zero ASéx for the reaction will be 


AStx = Sin, —Six,.— 28 it 
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Calculate the change in entropy for each component from 0 to 298 K: 


Lon 
: (Cp) 
CHys, ox) = CHys, r_), AS, = ‘" at art 


0 


Hi AS? = AN Git 
CH. Tn) [=a C 4(1iq, TT)? 20 Pn 
C (cpkig 
CH cig, T_,) = CHaaiag, Ty)? AS, = \ 7 ~ ar 
Tm 
Anat 
CHa aig, Ty) nae CH yg, Ty)? AS, a Typ ' 
298 
H AS" Mp lest —+ aT 
CHa. Ty) C 4(2, 298) 5 
Ty 
OK 
2 (Cp) 
2H as, 5 a 2Has, 0x) AS,= \ T = dT 
To 
5 2AH 
; ») (Colas 
2H aii, Ty) — 2H eid, Th?? AS, = f ar 
Tp. 
; 2AHeyaP 
2H axe, i) oom 2H aciig, Py)? AS; _— aa 
Tp 
; 2 Crk 
2H, 298) — 2Hoxg, Ty)? AS), ss \ — aT 
298 
o ( PC pr) 
Ctgr, 298) — Ccer, OK)» AS), = | ar 
9 


11 
Cigr, 298) - 2Hacer, 298) — CHicg, 298), NS, os Fe ASox ig pa AS° 


12. Calculate the heat of the reversible process for the reaction 
Ag -+ 5Cl, = AgCl. Tabulate the handbook data and the calcula- 


tion results to demonstrate that AG and AA are independent of the 
path taken by the process, whereas the work W’ and the amount of 
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released heat Q depend on it. The maximum useful work W' = 
109 804.9 J/mole = 109.805 kJ/mole. 

Solution. According to Eq. (7.6), Q.ey = TAS. According to 
the handbook data, AS° = —57.91 J mole K-!. 


Ovey = —57.91 x 298 = 17 263 J/mole 


If we combine Eqs. (7.37), (7.6), and (7.16) into one for P and 
T = const, the result will be AH = Q,..y — W’. Substitution of 
the numbers gives 


AH = —17 263 — 109 804.9 = —127 068 J/mole 


The work W’ of the irreversible process is zero. Tabulate: 


Process AH yeac, J/mole Ww’, J/mole Q, J/mole 
Irreversible 127 068 0 427 068 
Reversible 127 068 109 805 17 263 


It can be seen that the work W’ and the heat Q released in the 
course of the reaction are dependent on the reaction conditions, 
whereas the change in enthalpy is independent of them. 


13. Does arise in temperature promote the reaction Ag + +Cl, = 


AgCl? 

Solution. The temperature coefficient of Gibbs’ energy for the 
reaction is given by the equation @AG’/6T = —AS”. The change 
in entropy is found from the values of the entropies of the sub- 
stances involved in the reaction. It equals AS° = —57.91 J/mole. 
Hence, (@AG°/0T)p = 57.91. Thus, Gibbs’ energy increases with 
temperature, which means that a rise in temperature does not pro- 
mote the reaction. 


14. Two moles of oxygen and one mole of nitrogen were mixed 
at 298 K. The initial gas pressures Po, and Py, as well as the pres- 


sure P of the mixture are the same and equal to 1.0133 x 10° Pa. 
The partial pressures of the gases in the mixture, Po and Py , are 


0.668 x 10° and 0.3384 x 10° Pa, respectively. Calculate AG, AS, 
and AH for the mixing process. 

Solution. Since the gas mixing process is irreversible, substitute 
it by the sum of the reversible processes occurring under the same 
(boundary) conditions: AG = AG, + AG,, where AG, and AG, 
are the changes in Gibbs’ energy for nitrogen and oxygen, due to 
the pressure changing from P; , to P; in the course of mixing. 
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According to Eq. (7.33), 

AG, = AGy, = RT In (Pyg/Phy) ~AGy = AGo, = 2AT In (Pos! Po.) 
Since the initial gas pressures are equal to the final pressure of the 
mixture, according to Dalton’s equation we may write 

Py, Pp Po, Z P 


Ne 
— —2 = ty, = 0.83, 
Py. P Po. 


Substitution of the numbers and calculations give 
AG = RT 2.3 (log ty, + 2 log zo,) 


= 8.314 x 2.3 * 298 (log 0.33 + 2 log 0.67) = —4800 J/mole 
Calculate AS in accordance with Eq. (7.26): 


AS = —(3)p.= — RT \nzy,—2RT In zo, 
=— —16.10 J mole! K7! 
To calculate AH use Eq. (7.24): 
AH = AG + TAS = RT In tn, + 2RT In zo, 
— RT \n in, — 2RT in to, = Q 
15. Calculate AU and AA for the reaction 


Ag+ Cl, = AgCl 


at 298 K and 1.0133 < 10° Pa if AH, ea, = —127.159 kJ/mole and 
An = —0.5. 

Solution. Substitution of the numerical values: AH = 
—127.159 kJ/mole, An = —0.5, and R = 8.314 J mole-! K~- into 
Eq. (7.9) gives 


AU = —127.159 + 0.5 x 8.314 x 298 = —125.92 kJ/mole 
Substitution of numerical values into Eq. (7.23) gives 
AA = —26 244+ 0.9 x 8.314 x 298 = —25.005 kJ/mole 


16. Calculate AG” for one mole of NH, in a process of isobaric 
heating (P = 1.013 x 10° Pa) from 7, = 300K to 7, = 400K 
if Cp = const. 

Solution. To calculate AG° use Eq. (7.29): 


AG” = (Cp — S298) (400 — 300) — C400 x 2.3 log (400/300) 


For ammonia S° = 192.50 J mole! K-! and Cp = 35.65 J mole-! 
K- at 298 K; 


AG° = (35.65 — 192.50) (400 — 300) — 35.65 x 400 
x 2.3 log (400/300) = —17.467 kJ/mole 
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17. Determine AM°, AU°, AA°, AG’, and AS” under standard 
conditions and at 298.2 K for the reaction 
CyH. + 2H20(11g) = CHsCOOH (jig) + He 


Take the necessary parameters from the handbook. 

Solution. Take the entropies and heats of formation of the sub- 
stances involved in the reaction from the handbook and put them 
in the following table: 


AG} 29g=A4Ho98 


Substance AH; 998, J/mole | 5298, J mole! K-1 -~TAS3o, J /mole 
H.Ocigq) — 285.84 X 108 69.96 — 334.46 x 103 


CH, COOH aig) — 484.9 x 103 159.8 — 576.64 x 10° 
Hy 0 130.6 0 


According to Hess’ law, the heat of the reaction is 


AH jos = >) (AH; 298)r.p. — 2B (Ay, 298) 1.3. 
= (— 484.9) — (— 2 x 285.84 + 226.75) 103 = 139.97 x 103 J/mole 
AU,,, = AH,,, —P AV =AH,,, —AnRT 
Calculation of An is based on the stoichiometric coefficients of 
gaseous substances only: An = my, —Nc,H, = 1—1=0. Con- 
sequently, AUS 9g = AH3 93. Gibbs’ energy of the reaction is 


AG}, 298 = > (AG;. 298)r.p. —— 2 (AGreac, 298) 1s. 
= (—576.64) — (—2 x 334.46 + 209.25) 103 
= — 116.97 x 103 J/mole 


AA’,, = AG;,, — PAV 


298 


For the reaction under consideration, PAV = 0. Hence, AG$oqg = 
AA3so9g. The entropy of the reaction is 


AS 354 = Dd (Sea) rep. — Dy (Sagg)1.9. = (130.6 -+ 159.8) 
— (200.8 +2 x 69.96) 103 = —50.32 J mole! K-t 


Note: r.p. = reaction product; i.s. = initial substances. 
18. Calculate AG° at 400 K for the reaction SN, +- SH, = NHs3. 
If AGZo9g = —16.496 J/mole, the other parameters can be found in the 


handbook. Assume that AS° = const. 
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Solution. Calculate the change in Gibbs’ energy using Eq. (7.29) 


according to which 
T 


AG;— AG,, = ~AS° \ dT 
298 
Calculate AS° using Eq. (7.13): 
AS° = Siuy—> Sis—S Siig) Sig = 192.50 
Si, = 191.5; S%,== 130.6 J mole! K-t 


then AS° = —99.15 J mole! K7-!. Substitution of the numbers and 
calculations give 


AGion = —16.496 + 99.15 x 100 x 107? = —6.581 kJ mole"! K~? 


19. Calculate AG° at 400 K for the reaction sN, + =H, = NHs, 


taking into account the temperature dependence of AS. 

Solution. Calculate AG* by the Tyomkin-Shvartsman method, 
according to which Eqs. (7.37), (7.33), (7.13a), and (7.32) are com- 
bined to give 


T T AC? 
AGr = AH;,,—T AS;,,+ | ACpdT— | aD 
298 298 


Substitution of the power series ACp = f (T) transforms the equa- 
tion; the factors dependent on temperature only are denoted as 
M,, M,, M., M_, and are found in the handbock: 

AGT = AH So8 = TASS cae T (AaM 4 + AbM, + AcM, + Ac’ M_.,) 


The calculation requires the following parameters and their values: 
A359, = —46.19 kJ/mole, AS3g53 = —99.15J mole? K-!, M, = 
0.0392, M, = 13, M_, = —3.65 x 10%. 


Gas | a | bx103 | Cc | c’X 1075 


No 27.87 4.27 = = 
H, 27 .28 3.26 = 0.502 
NH, 29 80 25.48 = —1 .67 


Aa = —25.05, Ab = 18.46 x 10-%, Ac’ = —2.42 x 10°. Substi- 


tution of these numbers into the equation gives 
AGioo = —46 190 — 400 (—99.15) — 400 (—25.05 x 0.0392 


+ 18.46 x 10-3 x 13 + 0.502 x 10° x 3.65 x 1077) 
= —~-§.819 kJ/mole 
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20. Calculate AG° for one mole of NH, in an isobaric heating 
process (P = 1.013 x 10° Pa) from T, = 300 K to T, = 400 K if 
Cp = f(Z). 


Solution. Assuming that heat capacity is temperature dependent, 
p=a+0T+ cl’ 4+ c'/T 
For an individual substance this equation takes the form 


Cp=a-+bf? or ———— 


y a T T 
: ¢ Cy, dT aT : 
Si = | 7 +57, + | as + foars (erars | Lartse, 
Tj T1 Ty Ty T1 
Sp=alnT—aln7,4+ 07 —dT, ++ 1 + Ti- =r 
c! . 9 ce’ 
+p + St. = uteiteGe. a | 
; aG 
A lai $Ti+ ar) (a ),=—S 
T9 T9 
Gin — Gt, = ~a \ InP aT— 5 f rar —- \ rar 
T1 Ty T1 
TP ar ye 
Cc c : 
+z J oe (Sr,—a In 7,67, — + T+ a5] \ ar 
1 Ty 


= —alr,iIn?T,+a7,in7,+aT,—afl, 


e T? c’ 


=, ieee qe, EO oe 


— (St,—alnf, —o7,—=b 7 <7) Ponts) 
According to the handbook, a = 29.80, 6b = 25.48 x 107%, c = 0, 
and c’ = —1.67 x 10° J mole-! K-!. Then, the change in Gibbs’ 


energy with temperature will be 
Gr, —Gy, = — 29.80 x 2.3 log 400 + 29.80 x 300 x 2.3 Jog 300 


+29.8 x 400 — 29.8 x 300 — 28x10" 4002 + 2auCe 3002 


5 
— OF a (192.5 — 29.8 x 2.3 log 300 


— 25.48 x 10°? x 300+ SLE ) (400 — 300) = — 71 341.2 


+50 928.2-+ 11 910 — 8940 — 2040 -+ 1147 ~ 209 
++ 279 — (192.5 — 169.5 — 7.44 + 0.928) 100 = ~19916 J/mole 
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21. Calculate the pressures at which graphite and diamond are 
at equilibrium for the temperature range of 298 to 4000 K. In the 
calculation use the following data for the equilibrium C,, = Cajam: 


AH?, AS?°, AG?, ACp, 

T, K J/mole J g-1 K-71 J/mole J oi K-I AY, cms 

298 18 967.3 —3 .364 2903.7 2.602 —1.92 
1400 — —4 .853 — 0.418 —1.9 


Solution. The negative values of AS° and AV indicate that the 
change in temperature does not promote the transformation of graph- 
ite to diamond, while an increase in pressure does so. To calculate 
the equilibrium pressures at elevated temperatures, use the relation 
AGtrans = f (P, T). To this end, write AGp 7 as a sum of three 
addends: 


AGp.r = AG? + AG, 4- AG; 


where AG? stands for the change in Gibbs’ energy during transfor- 


1 

mation of graphite to diamond at 1.0133 x 10° Pa and at temper- 
ature 7,. AG, is the change AG, as a result of the increase in tem- 
perature from 7, to 7, at 1.0133 x 10° Pa, and AG, is the change 
AG, as a result of the increase in pressure from 1.0133 x 10° Pa to 
P at f-= T,. The above conditions occur at T < 1400 K, which 
is why we assume that 7, = 1400 K and calculate AG?,9,. To do 
this, use Eq. (7.21): 


AGi400 = AHS 93 — 1400AS$93 — 1400AaM 
Aa = ACD o3, M = 0.7595 
and 
AG = 1896.6 — 1400 (—3.364) — 1400 x 0.7595 (—2.602) 
= 9372.16 J/mole 


Calculate AGp using Eq. (7.25) and assuming that AGp = AGp 4490 = 
const. Then, 


AG, = (AC> — AS?400) (T — 1400) — ACpT 2.3 log (7/1400) 


To calculate AGp also use Eq. (7.31), assuming that AV = const = 
AVi4oo. Then, AG; = AV (P — 1) 10.125 x 10-?, and the relation 
AG =f (P, T) takes the form 


AG p, 7 = AG 499 + (AC — AS?) (7 1400) 
— ACT2.3 log =a + 10.125 » 102 AV (P—1) 
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Substitution of the numbers gives 
AGp, 7 = 9372.16 + 4.435 (T — 1400) +-0.9627 log =~ 


— 19.20 «x 10-4P 


In the state of equilibrium, AGp,7 = 0. This condition is used to 
calculate the equilibrium pressure P. Tabulation of the AG? and 
P calculation results gives 


T, K 298 1400 2400 3400 4000 
AGT, J 2903.7 9372.2 14 346.9 19501.6 22 656.4 
P X 107-8, Pa 15.3 49 .35 15.7 102 .9 119 .57 


Thus, diamond is more stable than graphite in the region of low 
temperatures and high pressures. 


Problems 
1. An ideal Carnot engine operating at temperatures ranging from 
200 to 300 K converts 83.8 J of heat into work. What is the amount 
of heat transferred to the vessel at 200 K? 

2. What amount of heat will be converted into work by an ideal 
Carnot engine operating at a temperature between 200 and 100 K 
if it receives the same amount of heat at 200 K as the engine in 
Problem 1 at 300 K? Explain the difference in the work produced by 
the ideal engine. 

3. At the initial temperature of 348.2 K, one mole of H, expands 
isothermally at first to twice the original volume in a Carnot cycle, 
then to four times the original volume so that the subsequent adia- 
batic compression brings it back to the initial volume. Calculate the 
work for each part of the cycle and the cycle efficiency (y = 1.4). 

4, Calculate the change in entropy during heating of 16 kg of O, 
from 273 to 373 K: (1) at a constant volume and (2) at a constant 
pressure. ASsume that oxygen is an ideal gas. 

3. Calculate the change in entropy during heating of 98.82 kg 
B,O, from 298 to 700 K, the heat capacity of B,O; is Cp = 36.0529 + 
106.345 «x 10-3 T [J mole“ K-1]. 

6. Bromobenzene boils at 429.8 K, and the heat of its evaporation 
at this temperature is 241.9 < 10° J/kg. Calculate the change in 
entropy during evaporation of 10 kg of bromobenzene. 

7. 2 X 10-° m?® of argon is heated at a pressure of 19.6 x 10* Pa 
(2 kg/cm”) until its volume increases to 12 x 10-3 m®. What is the 
change in entropy if the initial temperature is 373 K? 

8. Calculate the change in entropy during cooling of 12 x 107° kg 
(12 g) of oxygen from 290 down to 233 K with a simultaneous in- 
crease in pressure from 1.01 x 10° to 60.6 x 10° Pa if Cp = 32.9 J 
mole! K7-, 

9. Calculate the change in entropy during mixing of 5 kg of water 
at T, = 303 K with 10 kg of water at 7, = 290 K. Assume that the 


7—0878 
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heat capacity of water is constant and equal to 4.2 J mole™* K7-'. 

10. Calculate the total increase in entropy during mixing of 
100 x 10-8 m® of oxygen with 400 = 10-° m?® of nitrogen at 230 K 
and 1.01 x 10° Pa. V = const. 

11. Determine the change in entropy during mixing of one mole 
of argon at Ta, = 293K and P&, = 1.0133 x 10° Pa with two 
moles of nitrogen at ry, = 323 K and PX, = 1.0133 x 10° Pa. The 
pressure of the mixture is Pm, = 1.0133 x 10° Pa. Assume that 
argon and nitrogen are ideal gases, the heat capacity of each being 
constant within the above temperature range and equal to 20.935 J 
mole-! K~-! for nitrogen and 12.561 J mole~* K~! for argon. 

142. One of two vessels of equal capacity which is 3 m® contains 
28 kg of nitrogen and the other, 32 kg of oxygen, the temperature 
in both vessels being the same. Calculate the change in entropy during 
diffusion after the contents of the vessels are brought in contact. 
Assume that oxygen and nitrogen are ideal gases. 

13. Determine the changes in enthalpy, internal energy, and 
entropy during transformation of 2.7 kg of water taken at P, = 
1.0133 x 10° Pa and 7, = 293 K to vapour at P, = 0.50665 x 
10° Pa and T, = 373 K. Assume that Ci? = CY! = 4.187 x 103 J 
kg K-!. The specific heat of evaporation is 2260.98 x 10° J/kg. 
Assume that the vapour is an ideal gas. 

14. Determine the change in entropy during evaporation at 390 K 
of 100 x 10-% kg of water taken at 273 K. The specific heat of water 
evaporation at 373 K is 2263.8 x 10° J/kg, the specific heat capacity 
of liquid water is 4.2 J kg-' K~", and thespecific heat capacity of water 
vapour at a constant pressure is 2.0 x 10° J kg"! K“. 

45. The molar heat capacity of gaseous methane is given by the 
equation Cp = 17.518 + 60.69 x 10°° T J mole! K~!. The stan- 
dard entropy of methane at 298 K is 167.73 J mole! K~'. Determine 
the entropy of 1 x 10-° m? of methane at 800 K and 1.01 x 10° Pa. 

16. Find the entropy of the alcohol C,H,.OH in the tables and cal- 
culate the entropy of its vapour at 351 K and 5.05 x 10° Pa, assum- 
ing that AH = 40 950 J/mole. The temperature dependence of the 
molar heat capacity is given by the equation 


Cp = 19.07 + 212.7 x 10°37 — 108.6 x 10-87? + 21.97% 


Name the process in which the change in entropy is maximum. 

17. 2 x 10-3 m® of helium is mixed with 2 x 10-3 m® of argon 
at 300 K and 1.01 x 10° Pa. After isothermal mixing the gas mix- 
ture is heated to 600 K at a constant volume. Calculate the total 
increase in entropy taking into account that Cy = 12.6J mole! K™ 
and is independent of temperature. 

18. Calculate the change in entropy in the reaction Pb + 2AgCl = 
PbCl, + 2Ag if corresponding to this reaction in a galvanic cell 
at 298.2 K is # = 0.4900 V, and the heats of PbCl, and AgCl for- 
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mation are, respectively, —357 732 and —126 775.2 J/mole. What 
is the entropy of lead at 298.2 K if Sagc) = 96.23 J mole’ K~', 
Strci, = 436.4 J mole? K~-!, and S&, = 42.68 J mole! K-!? 
Calculate the change in entropy when the reaction is conducted in 
an isolated system. 

49. Find the change in entropy during isothermal (T = 353.2 K) 
compression of benzene vapour from P, = 4.0532 x 10% to P, = 
1.0133 x 10° Pa with subsequent condensation and cooling of liquid 
benzene to 7 = 333.2 K if AH, = 30 877.92 J/mole and (Cp)cn, = 
1.80 J g-! K-!. Assume that benzene vapour is an ideal gas. 

20. Determine the standard change in entropy at 298 K for the 
following reactions: 


MgO + He = H20(11g) + Mg (1) 
C +- CO, = 2CO (2) 

280, + 0. = 280, (3) 

Fe0 +CO=Fe+CO, (4) 


For the necessary parameters, see the handbook. 

21. One kg of snow at 263 K was placed in a thermally insulated 
vessel containing 5 kg of water at 303 K. Determine the increase in 
entropy if the heat of fusion of snow is 334.6 x 10° J/kg, its heat 
capacity is 2.024 x 10° J kg-! K-', and the heat capacity of water is 
4.2 x 10° J kg? K-. 

22. Methylamine hydrochloride CH,;NH,HCI exists in several 
crystal modifications. Calculate the heat of its phase change whereby 
the substance passes from its B-form into the y-form at 220.4 K; at 


19.5 K, C$ = 5.989 J mole~! K~-!, the heat capacity of the B-form 
at 12 K is CB = 8.48 J mole? K-!, and 
220.4 


AS® = \ C8.d1n T = 93.769 J mole! K-! 
42 
220.4 

AS? = \ Cyr) d\nT = 100.3 J mole! K~ 
19.5 


Remember that the heat capacity of CH,NH,HCI at temperatures 
ranging from 0 to 20 K ‘obeys Debye’s equation Cp = 464.5 (7/6)*. 

23. At different temperatures, the heat capacity of SO, has the 
following values: 


T, K 15.20 20 .67 34 .87 47 .16 60.85 
Cp, J mole K-} 3.612 12.028 20 .248 29 .106 36 .653 
T, K 76 .98 98 .30 120.37 140.92 162 .03 
Cp, J mole} K-} 42.462 47.74 52.164 55 .944 60.732 
T, K 192.03 204 .74 240 .09 260 .86 

Cp, J mole? K-} 67 .872 88 .074 87 .318 86 .898 


7* 
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The melting point of SO, is 197.64 K, the heat of fusion is 
7.4298 x 10° J/mole, the boiling point is 263.08 K, and the heat of 
evaporation is 24.9336 <x 10° J/mole. Calculate the entropy of gase- 
ous SO, at 263.08 K and 1.01 x 10° Pa. 

24. Graphically calculate the entropy of silver at 473 K, pro- 
ceeding from the following data: 


T, K 13.5 17.0 26.9 35 .0 39.4 
Cy, J mole? K- 0.462 0.882 3.517 6.657 8.039 
T, K 42.9 45.5 51.4 53.8 77.0 
Cy, I mole? K- 9.295 10.474 14.756 12.435 17.04 
T, K 100 200 273 535 589 
Cy, J mole-? K-! 19 .62 23.466 24.158 24.702 24.786 


Compare the entropy of silver at 298 K with the value given in 
the handbook. 

25. A solid substance has a melting point at which it turns to 
a liquid, with a certain amount q of heat being irreversibly trans- 
ferred in the process. Will it be correct to assume that for this process 
AS = q/Tm? If this assumption is correct, why and on what basis 
has the fact that the process is irreversible been refuted? If the 
assumption is wrong, what is the right expression for AS? 

26. Two similar vessels (each having volume V) communicate 
through a tube with a stopcock. The material of which the system 
is made is a perfect thermal insulator. At first, m moles of a monatomic 
Van der Waals gas were placed in one of the vessels at temperature 
T,, while the other vessel remained empty, then the stopcock was 
opened for equilibrium to be established in the system. Assume 


that the gas had a heat capacity (Cy Sa =R) of an ideal gas. Deter- 


mine 0, W, AU, AA, and AS, given n, V, To, the Van der Waals 
constants a and 06, and the universal constants. 

27. Why should the use of entropy as a criterion of.spontaneity 
of a process be based on the assumption that AS,,. = ASy... — 
AS, m,, and why only AG, (rather than AG = AG, — AG. a) 
is taken into consideration for Gibbs’ energy? 


Note: i.s.—isolated system, w.s.—working system, and s.m.— 
Surrounding medium. 


28. Calculate the change in Gibbs’ energy during compression 
of 0.7 x 10-* kg of N, at 300 K and 5.05 x 104 to 3.031 x 10° Pa, 
assuming that nitrogen is an ideal gas. 

29. Calculate AG, if the boiling point is 351 K (assuming that 
the alcohol vapour is an ideal gas), for the following processes: 

C.H,0 (liq, P= 1.01105 Pa) = C,H,O (g, P= 9.09 X10! Pa) (1) 
C,H,0 (liq, P=1.01x 10° Pa) = C,H,O (g, P=1.01 105 Pa) (2) 
C.H,0 (liq, P= 1.01105 Pa)= C,H,O (g, P=1.11 105 Pa) (3) 
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What conclusions can be drawn from the obtained results as regards 
the direction of the processes? 

30. Calculate AA and AG for two moles of benzene in the follow- 
ing isothermal evaporation process: 


CyH, (liq, P, =1.0133X104 Pa) = CH, (g, Po =0.9120X105 Pa) 


The normal boiling point is 7,.». = 303.3 K. 

31. The pressure of saturated vapour over solid benzene at 
268.2 K is 2279.8 Pa, and that of saturated vapour over supercooled 
(liquid) benzene is 2639.7 Pa. Calculate the change in Gibbs’ energy 
in the course of solidification of one mole of supercooled benzene at 
the above temperature (assuming that the benzene vapour is an 
ideal gas). 

32. The heat of fusion of ice at 273 K is 334.7 x 10° J/kg. The 
specific heat capacity of water is 4.2 x 10° J kg-! K-!, and that of 
ice is 2.02 x 10° J kg-! K-!. Determine AG, AH, and AS for trans- 
formation of one mole of supercooled water to ice at 268 K. 

33. At 298 K the entropy of rhombic sulphur is 32.04 J mole-* K"?, 
and that of monoclinic sulphur is 32.68 J mole“! K~!. The heats of 
their combustion are, respectively, —297 948 and —298 246 J/mole. 
Calculate AG for the reaction S.,,m»5 = Smon- In the first approxi- 
mation ignore the difference between the densities of rhombic and 
monoclinic sulphur. What conclusion can be drawn from the cal- 
culation result? 

34. Calculate W, AH, AU, AS, AA, and AG for isothermal com- 
pression of one mole of an ideal monatomic gas at 773 K and 5.05 x 
10° to 1.01 x 107 Pa. 

go. One mole of a gas reversibly and isothermal!ly expands in an 
isolated system at 273.16 K from 1.01 x 10’ to 1.01 x« 10® Pa. 
Calculate W, OQ, AU, AH, AS, AA, and AG (assuming the gas to be 
ideal): (1) for the gas and the isolated system as a whole, and (2) 
in the case of free expansion of the gas (expansion in vacuum is 
irreversible), for the gas and the isolated system as a whole. Tabulate 
the calculation results. 

36. At 298.2 K and 1.01 x 410° Pa the molar entropy of diamond 
is 2.407 J/K, and that of graphite is 5.73 J/K. The heat of diamond’s 
combustion is 387.9 J/mole, and that of graphite’s combustion is 
382.2 J/mole. The densities of diamond and graphite are 3.513 x 10° 
and 2.26 x 10° kg/m’, respectively. Calculate AH° for the transfor- 
mation of diamond to graphite at 298.2 K and 1.01 x 10° Pa. Which 
of the two forms—graphite or diamond—is stable under the above 
conditions? Can another stable form be obtained if the pressure is 
raised? If yes, how high must the pressure be? 

37. Determine the standard change in Gibbs’ energy at 298 K 
for the reaction ZnO + CO = Zn + CO,. The values of AA3o 
and S$ 93 can be found in the handbook. 
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38. Derive the temperature dependence of AG; for the reaction 


The values of AH%9g,, AG39g, and Cp = f (7) can be found in the 
handbook. 
39. Determine AH°, AU°, AA°, AC°, and AS” at 298.2 K for the 


reaction 
C,H, ++ 2H,0(ig) = CH;COOH (ig) + Hy 


Find the necessary data in the handbook. 

40. Calculate AG$9g for the reaction C,,,) + 2Hag) = CHag), 
AH8o9g being determined from the following thermochemical equa- 
tions: 

CH4(g) ae 20a(g) | CO2(¢) a 2H 20 (iq) + AH 308 
COo(g) = C(gr) + O2(g) — SH 08 
2H,O0 (4g) = 2Ho(p) = Oo(g) — 2AH 598 


Calculate ASS,, using Planck’s postulate. 
41. Calculate AG§o, for the following reactions: 


2C0,=2C04+-0, (1), CO+H,O=CO,-+ H, (2) 
2HI—H.+1,(3), CO+2H,—=CH,OH (4), 3H, + N. = 2NHs; (5) 


Find the values of AH>,,, S393, and Cp = f (T) in the handbook. 

42. Determine the changes in U, H, S, A, and G, as well as the 
final V and 7 during adiabatic expansion of 1 < 10-% m? of oxygen, 
taken at 298.2 K and 5.065 « 10° Pa, to 1.013 x 10° Pa. The molar 
heat capacity of oxygen at a constant pressure is 20.63 J mole-! K-, 
and the molar entropy at 298.2 K and 1.013 x 10° Pa is 206 J mole 
KK. 

43. Prove whether ethylene will react with water at 298 K and 
1.013 « 10° Pa. 

44. Prove whether hydrogen will react with oxygen at 180 K 
and 1.013 x 10° Pa. 

45. Prove whether nitrogen will react with hydrogen at 700 K 
and 1.013 x 10° Pa. 


46. For the reaction 5Ns + +H, = NH, 
AGr = 43 540 ++ 29.77 log 7 4+ 15.87 x 10°37? 


Calculate AS29g proceeding from the above data and compare the 
result with the values given in the handbook. 
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47. For the reaction 2H, + 5, = 2H,5, 
AG? = 168 350 + 30.357 log T — 5.07 x 10°°T? 


Calculate AS3gg proceeding from the above data and compare the 
result with the values given in the handbook. 


Multivariant Problems 


1. Calculate the change in entropy during heating (cooling) of g kg 
of substance A at a constant pressure and temperatures ranging 
from 7, to 7T,, if the melting and boiling points of the substance are 
known along with its heat capacity in the solid, liquid, and gaseous 
states as well as the heats of its fusion and evaporation*. 


vee Substance A g, kg Ti, K To, K 
1 Br., bromine 29 373 173 
2 | HQ, water 45 421 223 
3 | Hg, mercury 40 193 673 
4 | CCl,, carbon tetrachloride 80 323 373 
5 CH,.O., formic acid 10 393 273 
6 | C.HCI,0,, trichloroacetic acid 15 160 350 
7 | CH,O, methanol 80 303 473 
8 | C,H,C10,, chloroacetic acid 45 | 423 313 
9 | C,HyQo, acetic acid 8 423, 223 
10 | C,H,0, ethanol a 373 143 
11 C,H,O, acetone 10) 173 373 
12 | C,H,,0, ethyl ether 50 143 323 

13 | C.H,,, n-pentane 35 323 133 
14 CeHe, benzene 4 383 2t3 
15 | CgH,., cyclohexane 100 373 273 
16 | CgH1,, n-hexane 10 173 373 
17 | C.H,, toluene a0 423 173 
18 | C,H,N, p-methylaniline 40 523 303 
19 | Cy)H,, naphthalene 25 328 323 
20 | Cy)H,0, a-naphthol 75 579 323 
21 CgH,,, o-xylene 60 423 223 


* The mean heat capacities of substances in all states of aggregation, the 
heats of their fusion and evaporation can be found in the handbook. Ignore 
the heats of transfer from one modification to another. If the appropriate data 
cannot be found in the handbook, assume that the heat capacities are inde- 
pendent of temperature. If the handbook does not contain a particular heat 
capacity, calculate it approximately using the data in the handbook. 
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2. Determine AS, AU, AH, AA, and AG for mixing V, m? of 
gas A with Vg m? of gas B at 7 = 298 K. The initial pressure of the 
gases is 1.01 x 10° Pa. The final volume of the mixture is Vy; = 
V, + Vp. The gases and their volumes are tabulated below. 


Vari- | Gas A si Ta, K | Gas B re Tp, K P, Pa 
”) HO 5 388 Oz 6 310 | 42 395 
3 He 7 275 CO. 8 290 idi 722 
4 He 4 277 Hy 5 303 303 975 
5 | CH, 7 268 | CoH, 9 288 172 252 
6G CH, 2 298 Ne 3 283 303 975 
7 CO 3.3 268 CoH, 4 300 70 927 
8 CO, 6 280 2 7 310 144 855 
g CO, 7 258 CoO 9 278 40 530 

10) CO, 2 303 CH, 4 289 840 060 
11 CH, 3 268 Xe 6 296 206 450 
12 C,H, 8 313 CH, 9 289 154 987 
143 | Ne 7 280 Cl, 9 299 192517 
14 | Ne 4 293 H,0 7 383 104 325 
15 Oz 6 333 Ne 8 297 906 625 
46 QO» { 333 Ho 4 290 1014 325 
17 OQ, 1 303 Ar 3 298 101 325 
18 Fy 4 281 Cl, D 292 182 385 
19 | Ne 1 278 Ne 8 296 5 662 
20 Cl, o 243 No 7 278 50 662 
24 Cl, 1 308 Ar 7 292 253 312 
22 AL 1 276 He "6 291 151 987 
23) Kr 2 276 CO, 6 288 121 590 
24 Kr 2 278 CO 7 308 40 530 
25 | Xe 3 263 «| F, 6 286 172 252 


3. Calculate the increase in entropy during mixing of Va, m*° 
of gas A at temperature 7, , K, with Vg m® of gas B at temperature 
Tp, K. The process occurs at V = const. Assume that the substances 
behave as ideal gases, their initial pressure being 1.013 x 10° Pa 
and the final pressure of the mixture being P (refer to the above 
table). 

4, Calculate AS for the processes in which one mole of gas A passes 
from state 1 (P, = 1.013 x 10° Pa, 7, = 298 K) into state 2 
(Po, I's). 
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~ T = + 

& Gas A < To, K E Gas A - T2, K E Gas A = To, K 
bi el wo a a ea 

> Ay A > Ay Ay > A, A, 

1 | He 1.33 | 250 1410] CO, 13.33 | 750118} F. 13.33 | 400 
2) H,O 13.3 | 350 |11) C.H,| 133.30 | 800119) Ne 133.3 | 450 
3) He 133.0 | 400 12] CoH, } 1333 850 |} 20) Cl. 1333 500 
41 He 1330 450 13) No 1.33 | 900]}24] Cl, 1.33 | 550 
5 | CH, 1.33 | 500 44] Nz 13.33 | 950/|22| Ar 13.33 | 600 
6 | CH, 13.3 | 550 145] O, 133.3 {1000} 23) Kr 133.3 | 650 
7 {| CQ 133 600 116; O. 1333 250 | 241 Kr 1333 700 
8 | CO, | 1330 650 117] O. 1.33 | 350/25] Xe 1.33 } 750 
9 | CO. 1.3 } 700 


5. Determine the changes in the following functions: (1) AS and 
AG at P = const, (2) AS and AA during heating of a gas by 100° 
(V = const). For gas characteristics, see Problem 3. 

6. There are two vessels isolated from the surrounding medium. 
One vessel contains 7, moles of substance A in the solid state and n, 
moles in the liquid state at the melting point, while the other vessel 
contains 7, moles of substance B in the solid state and n, moles in 
the liquid state at the melting point. Both vessels are made to com- 
municate. Determine the. direction of the process which will be 
initiated in the system and establish which substance—A or B— 
will melt or solidify. Describe the conditions under which the system 
will reach the state of equilibrium (7, m,, n,). Calculate the change 
in entropy during transition of the system from the initial state to 
that of equilibrium. Is this process reversible or not? Base your 
calculations on the data on p. 106 and those given in the handbook. 

7. Calculate W, AU, AH, and AS for the processes in which an 
ideal gas passes from state { (P,, 7,) into state 2 (P,, 7.): with (1) 
isothermal expansion and isobaric heating, (2) isothermal expansion 
and isochoric heating, (3) adiabatic expansion and isobaric heating, 
and (4) adiabatic expansion and isochoric heating. 


State 2 State i 


State 2 


State i 


Pi, Pa T1, K P 3, Pa Ta, K Pi}, Pa T1, K Po, Pa To, K 


Variant 
Variant 


1 | 101325 | 273 | 506625 | 540 6 | 202 650 300 121 590 | 700 
2} 101325 | 273 60 795 | 560 7 | 243 180 300 162120 | 600 
3 84060 | 285 40530 | 600 8 | 263 445 285 182 385 | 700 
A} 121590 | 298 70 927 | 590 9} 172252 298 162120 | 500 
» | 151 987 | 280 81060 | 600 | 10 | 162120 300 81060 | 400 
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8. Calculate AH, AU, AS, and AG for the following processes: 


Variant 


Process, conditions 


O11 & UO & Oo N= 


Je) 


H,O (liq, 273K, P=1.01 x 105 Pa)=H,O (s, 273K, P=1.01 x 10® Pa) 
H,O (s, 273K, P=1.01 x 105 Pa)=H,0 (s, 263K, P=1.01 x 105 Pa) 

H,O (lig, 263K, P=1.01 x 10° Pa) =H,0 (liq, 273K, P=1.01 x 105 Pa) 
H,O (s, 263K, P=1.01 x 10° Pa)= H,O (liq, 263K, P=1.041 x 10° Pa) 
H,O (liq, 298K, P=1.01 x 105 Pa)=H,0 (liq, 373K, P=1.01 x 10® Pa) 
H,O (lig, 373K, P=1.01 108 Pa) =H,0 (g, 373K, P=1.01 «105 Pa) 
Ideal gas (298K, P=1.01 X10? Pa)= Ideal gas (298K, P=1.01 x 10® Pa) 
Ideal gas (298K, P=1.01 x 10° Pa)=Ideal gas (298K, P=1.01 x 105 Pa) 
H.O (liq, 298K, P=1.01 x 10° Pa)=H,O (g, 298K, P=3.03 x 10° Pa) 
CeH, (lig, 353.4 K, P=1.01 x 10° Pa) = CgH, (g, 353.1 K, P=0.9X10® Pay 
CgH, (liq, 353.1K, P=1.01 x 105 Pa) = C,H, (g, 353.1 K, P=1.01 10° Pa) 
C,H, (liq, 353.1K, P=1.01 x 105 Pa) = CH (g, 353.4 K, P=1.1 105 Pa) 
H.O (liq, 373K, P=1.01 x 10® Pa) =H,O (g, 373K, P=0.8 x105 Pa) 
H,O (liq, 298K, P=1.1x10° Pa)=H,O (g, 298K, P=1.1 x 108 Pa) 


Draw an appropriate conclusion from the obtained results as regards 
the direction of the process. 

9. When a substance (whose vapour behaves as an ideal gas) 
passes from the liquid into the gaseous state at temperature 7 and 
a pressure of 1.01 x 10° Pa, the heat of evaporation is expended. 
Assume that this heat is independent of temperature. Calculate the 
changes in entropy, Gibbs’ energy, Helmholtz’ energy, internal 


= = = 

= T, K ie a = 1, K ree A = , K gence A 
> > > 

1 20.4 H. 10 283 CS. 18 20 Ne 
2 283 H,O 14 273 CNoe 19 | 4 He 
3 293 HCN 12 251 CNCI 20 262 SO, 
4 202 H.S 13 73 Na 21 231 Cl, 
5 189 HCl 14 239.7 NH, 22 85 F, 
6 190 HBr 15 121 NO 23 210 Bre 
7 236 HI 16 184 N.O 24 122 Kr 
8 81 08) 17 85 O. 25 165 xe 
9 194 CO. 
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energy, enthalpy, and the work of expansion of one mole of the sub- 
stance in this process. Determine the changes in these functions if the 
vapour of one mole of the substance A is heated from temperature I’ 
to 7 + 25° in (a) an isochoric and (b) isobaric manner. What would 
be the increase in the temperature of the substance, in degrees, if 
the change in internal energy during transition from the liquid into 
gaseous state were expressed in terms of increasing temperature? 
Find the necessary data in the handbook. 


CHAPTER 8 
Elements of Statistical Thermodynamics 


Basie Equations and Symbols 


The internal energy of a substance is essentially the sum of the 
energies of translational motion (U,,ay,), rotational (U,,,), internal 
motion (U,,,), and molecular interaction (U,,,.): 


U = Ove ai UO ot ae Ont “4s Um. (8.1) 


But if the system is in an ideal gaseous state, the energy of each 
molecule’s motion is the sum of the following components: 


& = Etrans Ss frot oP fr. ar C vibr Si Ee} iF Enucl (8.2) 


where &,,,, is the energy of the molecule’s translational motion, 
Eo, is the energy of the molecule’s rotation, ¢,,. is the energy of 
rotation of a group of atoms with respect to another within a mole- 
cule or, in other words, the energy of internal rotation, &,,,, is the 
energy of vibration of atoms within a molecule, ¢€,, is the energy 
of motion of the electrons within atoms, and ¢,,,; is the energy of 
intranuclear motion. 
The internal energy of a substance can be written as follows: 


U= Li Ne, (8.3) 


where NV; is the number of molecules on the ith energy level, and e; 
is the energy on that level. The sum of molecules occupying all 
energy levels for one mole of the substance equals the Avogadro 
constant: 


UNi=Na (8.4) 
It is more convenient to reckon the internal energy from the energy 


on the zeroth level. The internal energy on that level includes the 
energy of intranuclear motion, the energy of the electrons, and the 
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vibrational energy on the zeroth vibrational quantum level: 
U — U,= U trans 3 U vot a te (U a Uo) vibe (3.9) 


The population of every possible energy level is 
N,=N,e 7" (8.6) 


where NV; is the population of the ith energy level, Ny is the popula- 
tion of the zeroth energy level, ¢; is the energy of the ith energy level, 
and k is the Boltzmann constant. 

Some energy levels are degenerate, that is several levels have the 
same energy: 


N,=2® gye7*s/*7 (8.7) 
Bo 


where g, is the degree of degeneracy of the zeroth energy level, and 
g; is that of the ith energy level. In the case of diatomic molecules, 
the translational motion is not degenerate, and each rotational level 
is degenerate (2j + 1) times, j being the rotational quantum number; 
the vibration is not degenerate, and each electron level is degenerate 
(2S + 1) times, S being the total spin of the molecule. If the de- 
generacy of the energy levels is taken into account, then 


Na=22 > ge i" (3.8) 
If we denote 
di ge =Z (8.9) 
where Z is the sum over states*, 
N o/Z5 = NalZ (8.10) 
Alternatively, Eqs. (8.10) and (8.7) can be written as follows: 
N,/Na= ge 78 /Z (8.11) 


where NV ,,/N x4 is the fraction of molecules on the ith energy level. The 
internal energy of the substance will then be 


U—U,=RT?(-2-) | (8.12) 
— (ftranstfrott &t.r.+& vibrt eel § 
Z=>) gie — (8.13) 


* In the literature, the sum over states is sometimes termed statistical 
sum or state sum. 


410 Problems and Exercises in Physical Chemistry 


According to the multiplicativity rule, 
Z = “Ltrans/rot“1.2-4 vibrZel (8.14) 


The translational component of the sum over the system's states is 
determined from the equation* 
(2amkT)3/* 

Z trans = BN, Ve (3.15) 
where m is the mass of the molecule (m = M/N 4), h is the Planck 
constant, k is the Boltzmann constant, Na, is the Avogadro con- 
stant, V is the volume of one mole of gas, and e is the natural loga- 
rithm base. If the volume is expressed in terms of P and 7 according 
to the Mendeleev-Clapeyron equation, then the translational com- 
ponent of the sum over states will be 

(2k)3/2RM3/275/2P-1 
Ztrane — nse /? ———'€ (8.16) 


The natural logarithm of the translational component of the sum 
over states will be 


27k)3/4R 3 
In Ztrane == 2-3026 log ae +5 2.3026 log M 


+ 2 2.3026 log 7—2.3026logP (8.17) 


If all the constants are expressed in the International System of 
Units, Eq. (8.17) will take the form 
In Ztrans = 3.4039 log M + 5.7565 log T — 2.3026 log P 

+ 8.8612 (8.18) 


Taking the logarithm of Eq. (8.15) and expressing the mass of the 
molecule as the molecular weight will give 


In Ztrans = 3.4039 log M + 3.4539 log T 
-+. 2.3026 log V + 6.7433 = (8.19) 


* Rigorous derivation of the equation for the translational component 
of the sum over states gives 


, 2 T)3/% 
Ztrans = a V 


The quantity Z; in Eq. (8.15) is multiplied by e/N,4 because entropy 


trans 
is expressed as the sum over states: 


e @ilnZ 
Sp=RINZ > +RF | = - 


The quantity e/N, forms part of the translational component of the sum over 
states. 
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The rotational component of the sum over states for diatomic mole- 
cules is 


8n27lkT kT 
Lrot = hig = Bea (8.20) 


where J is the molecule’s moment of inertia, o is the degree of sym- 
metry, and &#, is the rotational constant. In the case of homonuclear 
diatomic molecules, o = 2, and in the case of heteronuclear ones, 
co = 1. Substitution of constants in the International System of 
Units into Eq. (8.20) and taking its logarithm give 


In Zo¢ = 2.3026 log J -4- 2.3026 log T 
— 2.3026 log o + 104.5265 (8.21) 


The rotational component of the sum over states for polyatomic 
molecules is as follows: 
for a spherically symmetric top 


Bn? ¢ QnlkT \3/2 
Lrot = o ( h3 (8.22) 
for a symmetric top 
8x2 (QnfakT)t/2? = 2nIp_kT 
(6 a (8.23) 


for an asymmetric top 


82 ¢ Q2ulakT \ 1/2 ( A2nipkT \1/2 ( 2nIcokT \1/2 
(a) (a) (a) 624 


Z rot a 


Taking the logarithms of Eqs. (8.22) through (8.24) and substitution 
of constants in the International System of Units give 


In Zoe = 2.3026 log | (8x2 (284) ed ] +0.5 x 2.3026 log (Ta nZc) 


h2 Oo 


4++InT = 0.5 x 2.3026 log 4lplc) + 3.4539 log T — 2.3026 log o 
+ 157.3621 (8.25) 


The product of the principal moments of inertia, 7,/p/c, can be 
calculated from the secular equation (see Chap. 4 


| FL sete — Egy — Loe 
IglgIo=| flay tly: (8. 26) 
Lye tly2t+f,, 
In the case of polyatomic molecules containing groups of atoms that 


are capable of rotating one relative to another, the free internal 
rotational component of the sum over states is calculated using the 
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equation 


— f 8mBkTI peg \ 1/2 1 
Li. = (| os (8.27) 


in which o is the degree of symmetry of a group of atoms, and IJy¢4 
is the reduced moment of inertia of internal rotation: 
Trea = ila/(Iy + 1) (8.28) 


After substitution of constants in the International System of Units 
into Eq. (8.28) and taking its logarithm we have 


In Zp, =0.5 x 2.3026 log “S* + 2.3026 x 0.5 log T 


+0.5 x 2.3026 log Iq — 2.3026 log o (8.29) 
In Z,.,. = 1.1513 log Ig — 2.3026 log o + 1.1513 log T 
+- 52.8356 (8.30) 


The vibrational component of the sum over states for diatomic 
molecules having one degree of freedom of vibration is 


1 4 
1g Ne IAT ~ 1_e- O/T (8.31) 


“Zyibr aoe 


where w, is the frequency of vibration, m~}; and @ is the character- 
istic temperature, 


@ = (he/k) w, = 1.4387 x 10-0, (8.32) 


The same component for polyatomic molecules having several de- 
grees of freedom of vibration is 


3n—6(5) 4 


i=1 1—e 
n— 4 
InZ=" In rr a (8.34) 
—e 


i=1 


The electronic component of the sum over states for diatomic 
molecules is 


Ze = 89 = 25 +4 (8.35) 


where go 2) is the degeneracy of the zeroth electron level, and S is the 
total spin of the electrons in the molecule. The term of the mole- 
cule’s electronic state is determined from Eq. (41.7). 

The fraction of the molecules on the energy level with energy 
e; is calculated using Eq. (8.11). 

The internal energy is calculated using the equation 


RT* [ aZ OlnZ 
U—U,=—5 (5) = Rr? | ah, (8.36) 
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It is more convenient to calculate the internal energy with respect 
to individual components of the energy of motion: 


Useang = 1E2T (8.37) 
U; rot = O.SRT (8.38) 


where U; _., is the component of the internal energy of rotation 
for one degree of freedom of rotation. 

In the case of diatomic molecules and linear polyatomic ones we 
are dealing with two degrees of freedom of rotation, while in the 
case of nonlinear polyatomic molecules we have three such degrees 
of freedom. The vibrational component of the internal energy 


6 
R— 
=U, Z T 
( T a e9/T _4 (8.39) 
| U—U, 
The functions 7 m have been calculated for certain values 
Viopr 


of 6/7 in the case of a linear harmonic oscillator and can be found 
in tables of Einstein’s thermodynamic functions. For polyatomic 
molecules, the vibrational component of the internal energy is cal- 
culated for every degree of freedom of vibration separately and sum- 
med over all such degrees of freedom. For linear diatomic and poly- 
atomic molecules the number of vibrational degrees of freedom is 


hur = 32 — 5 (8.40) 
and for nonlinear polyatomic molecules it is 
fer = 3n — 6 (8.441) 


where 7 is the number of atoms in the molecule. When the internal 
rotation has degrees of freedom, in polyatomic molecules we have, 
for one degree of freedom, 


U,.. = 0.5RT (8.42) 


For gases consisting of diatomic molecules the isochoric heat ca- 
pacity is determined from the equation 


Bites ie _ | 2.5R7 + 


= RT0/T ] 


e8/T__ 4 


(8.43) 


It is more convenient to calculate the heat capacity with respect 
to individual components: 


Cy = Cy, trans + Crot ae Cyipr (8.44) 
Cy, trans + Crot =2.0R (8.45) 
n($)en 


(e8/F 4) 


(8.46) 


Cy, vibr — 


8—0878 
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In tables of Einstein’s thermodynamic functions for a linear har- 
monic oscillator the function 


Bec (8.47) 


(e9/" — 1)? 
is given for certain values of 6/7. In the case of polyatomic mole- 
cules, the vibrational component of heat capacity equals the sum 
of Cy over all degrees of freedom of vibration. If a polyatomic mole- 
cule has degrees of freedom of internal rotation, one should also 
take into account Cy, .. which is the heat capacity associated with 
internal rotation. According to Eqs. (8.42) and (8.43), we have 


Cy. ir. = O.5R (8.48) 
The entropy of a gas is expressed as the following sum over states*: 
Sp=RinZ+RT (222) (8.49) 


The entropy of a gas consisting of diatomic molecules should be cal- 
culated as the sum of the entropies of the following components: 


Sr — Strans ie Srot a Svibr = Se} (8.90) 


To calculate the translational component of entropy, S;,,,,., one 
should first calculate In Z by Eq. (8.18), while the derivative 


(2 A ) should be calculated by Eq. (8.19): ( one = a. 


Srtrans = Rn Ztrane + 1.5000R (8.51) 


Combination of Eqs. (8.21) and (8.49) gives an expression for cal- 
culating the rotational component of entropy: 


ST rot => R In Lrot +- R (8.92) 


The vibrational component of entropy is found in tables of Einstein’s 
thermodynamic functions. 

By combining Eqs. (8.35) and (8.49) we derive a formula for 
calculating the electronic component of entropy: 


S re] _ RE o,1 (8.93) 


When entropy is calculated by the statistical method for poly- 
atomic molecules, its translational component is similar to that for 
diatomic molecules. The rotational component of entropy is cal- 
culated depending on the molecule type, using Eq. (8.22), (8.23), 
or (8.24). The vibrational component of entropy for each degree 


* Here Ztrans is to be calculated according to Eq. (8.15). 
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of freedom of vibration, 6,/7, is found in a table of Einstein's ther- 
modynamic functions and summed over all vibrational degrees of 
freedom. In the case of free internal rotation, the entropy S,,,. is 
determined from Eq. (8.30) for each degree of freedom of internal 
rotation, then the components are summed up. The electronic com- 
ponent of entropy is determined from Eq. (8.35). 


—U, 


T 


The function 4 is calculated using the equation 


= =-—RlnZ (8.54) 


The function as is calculated as the sum of components cor- 


Esa § is 
e e « {Tans 
calculated using Eq. (8.18) for gases consisting of diatomic and poly- 


responding to all types of motion. The function ( 


atomic molecules. As regards the function ( it for diatomic 
ro 


gases, it is calculated by Eq. (8.21), and for polyatomic gases it is 
calculated according to Eq. (8.22), (8.23), or (8.24), depending on 


the molecule type. The function (= | n for diatomic mole- 
Vibr 


T 
cules is found in tables of Einstein’s thermodynamic functions. For 
polyatomic molecules, the component functions should be summed 


over all vibrational degrees of freedom. The function ( aS is 
€ 


calculated using Eq. (8.35). For polyatomic molecules with degrees 


of freedom of internal rotation the function ( cs ), is deter- 
ar 


T 
mined from Eq. (8.30). Finally, the function ae is calculated 
from the function “=~: 
G—H A—U 
. Dy 7 0 +R (8.55) 


Exercises 


1. Determine the translationa] component of the sum over states for 
CO at 1.0133 x 10° Pa and 500 K. 

Solution. Substitution of the molecular weight, pressure, and tem- 
perature into Eq. (8.18) gives 


In Ztcane = 3-4539 log 28 + 5.7565 log 500 — 2.3026 log 1.0133 
x 10° + 8.8612 = 4.9983 + 15.5365 — 11.5262 | 
+ 8.8612 — 17.8669 
log Zipang == 7.7007, Zirang = 9-764 & 10? 
Rx 
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2. Determine the rotational component of the sum over states for 
CO at 500 K. The moment of inertia of CO is 14.49 x 10-4’ kg m’. 

Solution. To determine the rotational component of the sum over 
states use Eq. (8.21). The CO molecule is heteronuclear, hence 
o = 1: 


In Zot = 2.3026 log 14.49 x 10-47 + 2.3026 log 500 
— 2.3026 log 1 + 104.5265 
= —{105.5487 + 6.2146 + 104.5265 = 5.1924 
log Z,.,, = 2.2990, Z,.. = 179.9 


3. Determine the vibrational component of the sum over states 
for CO at 500 K if the frequency of vibration is 2.170 « 10° m7. 

Solution. Determine the characteristic temperature from Eq. 
(8.32): 


@ = 1.4387 x 10-2 x 2.170 x 108 = 3123 


8 3123 


ilo calculate the vibrational component of the sum over states use 
Eq. (8.31): 
ee 
Vibr 4 —¢-6.245 ~~ 4— 0.00194 


4. Determine the sum over states for CO at 1.0133 x 10° Pa and 
300 Kk. 

Solution. The electronic component of the sum over states for CO 
IS Zoe; = 1 because the total spin of the electrons is zero. Diatomic 
molecules have only one vibrational degree of freedom and lack in- 
ternal rotation. According to Eq. (8.14), 


Z = 5.764 x 10’ x 179.9 x 1.0019 = 1.0389 x 101° 


2. Determine the fraction of CO molecules on the rotational quan- 
tum level 7 = 5 relative to the zeroth vibrational level at 500 K, 
Lx = 119.9: 

Solution. According to Eq. (8.11), 


= 1.0019 


N, eo Bes(o+1)/kT 
fe =2(541) 


find 8, using Eq. (3.2), 


(6.6256 x10-34)2 5.5593 10-89 __ aes 
Be = SURILAQKAOT = ARAOKAO TT 08887 x 10 J 


eo 80X0.3837X% 10777/(4 .38054 10723500) eg 9-16676 
7 aoe aaa | -Y Wuacaeamemnamamete Smee 70 mamas Get 


Zrot 
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6. Determine the fraction of CO molecules on the vibrational 
quantum level v = 1 and on the zeroth rotational quantum level 
at 500 K if Z,,,, = 1.0019, o, = 2.170 x 10° m-’, and wer, = 
13.37 x 10? m7. 

Solution. To determine the share of CO molecules on the vibration- 
al level use Eq. (8.11). To do this calculate the value of the exponent: 
€vibr _ 1.5 heW@e — 2.25 heWere _ 64.6537 x 10-24 — 0.5975 x 107?! — 9 9473 


——s ye 


kT 1.38054 X 10-29 x 500 6.927 x 10-2 


N,  e 92473 9.000096 — 9.0000958 


OPE re 
= ae 


Na Zyibr  _—: 11.0019 


7. Determine the translational component of internal energy for 
CO at 9500 K. 

Solution. The internal energy of translational motion is deter- 
mined from Eq. (8.37): 


Uteans = 1-5 X 8.3143 x 500 = 6.2357 x 10° J/mole 


8. Determine the rotational component of internal energy for CO 
at o00 K. 

Solution. To determine this component use Eq. (8.38). The CO 
molecule has two degrees of freedom of rotation: 


Urop = 2 X 0.5 X 8.3143 x 500 = 4.1574 x 10% J/mole 


9. Determine the vibrational component of internal energy for CO 
at 500 K if 6/7 = 6.245. 


Solution. Find the value of (2 ) ape in the table of Ein- 
stein’s thermodynamic functions as a function of 6/T: 
6/T 6 .00 6 .40 
( = =) 0.4243 0.4050 


Linear interpolation gives 
0.40 — 0.0193 
x = 0.0118 


0.245 — zx 


(>) — = 0.4243 — 0.0118 = 0.1125 J mole! K-4 
vibr 


(U —U.)yipr = 0.1125 x 500 = 0.0562 x 103 J/mole 
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10. Determine the internal energy of CO at 500 K. 
Solution. The electronic component of internal energy is zero, 
and the molecule lacks degrees of freedom of internal rotation, hence 


(U — U,)s00 = 6.2357 X 10° + 4.1574 x 10% + 0.0562 x 10° 
— 10.4490 x 10° J/mole 


11. Determine the translational component of heat capacity for 
CO at 500 K and a constant volume. 

Solution. Determine the isochoric translational component of 
heat capacity for CO using Eq. (8.37): 


Cy trang = 1-5 X 8.3143 = 12.4715 J mole! K~!- 


12. Determine the rotational component of heat capacity for CO 
at 500 K. 

Solution. Calculate the rotational component of heat capacity 
using Eqs. (8.38) and (8.43). The CO molecule has two rotational 
degrees of freedom, hence 


Cio, = 2 X 0.5 x 8.3143 = 8.3143 J mole? K-* 
13. Determine the vibrational component of heat capacity for CO 
at 500 K if 6/7 = 6.245. 
Solution. Find the vibrational component of heat capacity for CO 


in the table of Einstein’s thermodynamic functions for a harmonic 
oscillator: 


0/T 6 .00 6 .40 
Cr 0.745 0.569 
Linear interpolation gives 
0.40 — 0.176 
0.245 — x x = 0.1078 


Cy = 0.745 — 0.108 = 0.637 J mole-! K-! 
{4. Determine the heat capacity Cp 59) of CO at 1.0133 x 10° Pa 
and 900 K. 


Solution. According to the equation Cp = Cy + RA and Eq. (8.44), 
we have 


vp = 12.4715 + 8.3143 + 0.637 + 8.3143 = 29.7371 J mole7? K-! 


15. Determine the temperature dependence of Cp. The correspond- 
ing equation should be written as Cp = a+ dT + cT* for tem- 
peratures ranging from 298 to 1000 K. 

Solution. According to the equation 


Cp = 3.0R + CR = 29.100 + CE 
calculate the values of Cp for the temperatures in the range from 298 


to 1000 K at 100 K intervals. Calculate the coefficients a, 6, and 
e by the least squares method. 
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ae Cp =y a = Xx x2 x3 x4 xy | x2y 
298 29.1297 — — — — — — 
300 29.1295 0 0 0 0 Q 0 
400 29.3073 1 1 4 1 29.3073 29.3073 
500 29 .7369 2 4 8 16 99.4738 118.9476 
600 30.3511 3 g PA | 84 91 .0533 273.1599 
700 31.0574 4 16 64 256 | 124.2296 496.9184 
800 31.7541 o 20 | 125 625 | 158.7705 793.8525 
900 32.4170 6 36 } 216 | 1296 | 194.5020 | 1167.0120 
1000 33.0056 7 49 | 343 | 2401 | 231.0392 | 1617.2744 
x | 246.7589 28 | 140 | 784 | 4676 888.3757 | 4497 .0721 


First, find the coefficients X, Y, and Z in the equation of the follow- 
ing type: | 
Y=X+ Yr + Zz? 
Substitute the corresponding values taken from the table into this 
equation to derive the following system of equations: 
246.7989 =  8X+ 28Y-+ 140Z 
888.3757= 28X+140Y-+ 784Z 


4497.0721 = 140X +- 784Y + 4676Z 
Solve the first two equations together: 


{727.3123 = 56X +196Y + 980Z 
1776.7514 = 56X + 280Y + 1568Z 
— 49.4391—  84Y +5882 


Then solve the second two equations together: 


4441 .8785 = 140X + 700Y + 3920Z 
4497.0721 = 140X + 784Y + 4676Z 
00.1936 = 84Y + 756Z 


49.4391 = 84Y + 588Z 

00.1936 = 84Y 4+. 756Z 

0.10490 = 168Z Z=0.03425 
Y= 49.4391 —ao — 0.3488 


(ee ee ee 


5 = 29.0247 
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C*, — 29.0247 + 0.34882 +0.0342522 = 29.0247 + 0.3488 (—— = 


+ 0.03425 { oo \" — 29.0247 + 0.003488T — 3 x 0.3488 


100 
+ 0.034257? x 10-*— 600 x 1047 +9 


Finally, we derive the following equation for the temperature de- 
pendence of interest: 


C% == 28.2866 + 1.433 x 10-27 + 3.426 x 10-*T? 


{6. Determine the internal energy of methanol at 1.0133 x 10° Pa 
and 900 K. 

Solution. The calculation of the translational component of in- 
ternal energy for polyatomic molecules follows the same pattern as 
for diatomic molecules. According to Eq. (8.37), 


Urrans = t-DRT = 1.5 x 8.3143 x 500 = 6.2357 x 10° J/mole 


The molecule of methanol has three rotational degrees of freedom. 
Consequently, the rotational component of internal energy will be 


Ui. = 3 KX O.SRT = 1.5 X 8.3143 x 500 = 6.2357 x 10° J/mole 


The methanol molecule also has one degree of freedom of internal 
rotation. The internal rotation component of internal energy is 
determined from Eq. (8.42): 


U,,, = 0.5 x 8.3143 x 500 = 2.0785 x 10° J/mole 


To determine the vibrational component of internal energy one must 
sum up 114 terms which are to be found from the experimental values 
of vibration frequencies and vibration degeneracies, listed in tables 
of Einstein’s thermodynamic functions for a harmonic oscillator: 


* Unlike diatomic molecules in which the vibration of atoms 


U-—Upg 
Ox 1075, m7} Degeneracy * 6/500 (3-4 , Cp» 
J mole~1 K~1 7 anoles 
3.683 10.598 0.0025 0.025 
2.976 2 8.964 0.0145 0.118 
2.845 8.187 0.0193 0.158 
1.455 4.187 0.537 & 2.289 
1.340 3.856 0.693 2.130 
1.116 3.2414 1.121 3.7951 
1.034 2.967 1.338 4.186 


is not degenerate, in 


the case of polyatomic molecules with symmetry several frequencies may coincide in 
Value. Such vibrations are referred to as degenerate: 


U—U 
doing (2 | 500 = 6.7281 x 500 = 3.3640 x 108 J/mole 
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In contrast to substances consisting of diatomic molecules, in 
those consisting of polyatomic ones the vibrational component of 
internal energy makes an appreciable contribution to the total value 
of internal energy even at low temperatures: 


(U — Uy)soq = 6.2357 x 10% + 6.2357 x 10° 4 2.0785 x 10° 
+ 3.3640 x 10% = 17.9139 x 10° J/mole 


17. Determine the isobaric heat capacity of methanol at 1.0133 x 


10° Pa and 500 K. 
Solution. Calculate the translational component of heat capacity 
for polyatomic molecules using Eq. (8.43): 


Cy trans = 1-3 X 8.3143 = 12.4715 J mole-! K-! 


The molecule of methanol has three degrees of freedom of rotation, 
hence the rotational component of heat capacity will be 


Cy rot = 1-5 X 83143 = 12.4715 J moles? K-! 


The methanol molecule has one degree of freedom of internal rota- 
tion, consequently the internal rotation component of heat capacity 
will be 


Cysr. = 0.59 XK 8.3143 = 4.1571 J mole? K7? 


To derive the vibrational component of heat capacity one must sum 
up 41 terms which are to be found in tables of Einstein’s thermo- 
dynamic functions for each value of 6/7. The values of 6/7 are listed 
in the table of Problem 16, which also gives the values of Cy for all 
eleven degrees of freedom of vibration: 


ii 
Cy. vibr — > Cy, = 23.578 J mole! K~! 
i=1 ° 


The isochoric heat capacity will equal the sum of the components: 
= 52.678 J mole? K-! 


The isobaric heat capacity will be 
Cp 509 = 02.678 + 8.314 = 60.992 J mole! K-} 


{8. Determine the function (H° — H>)59, for methanol if 
(UO — Ug)soq = 17.9139 x 108 J/mole. 
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Solution. According to Eq. (6.3), for an ideal gas 


(H° — H°)so) = 17.9139 x 108 + 8.3143 x 500 
— 22.0711 x 10% J/mole 


19. Determine the entropy of CO at 1.0133 x 10° Pa and 500 K. 
Solution. To determine entropy use Eq. (8.49). Equation (8.18) 
is used to find In Z,,,,., and Eq. (8.19), to determine the derivative 


(22 Zerons ) It equals 1.5 1/7. Then, according to Eq. (8.49), 


Strange = (3.4539 log 28 + 5.7565 log 500 — 2.3026 log 1.0133 
x 10° + 8.8612 + 1.5000) 8.3143 = 161.0472 J mole! K-! 


Calculate In Z.,, and the derivative (Rare | using Eq. (8.21). 
Then, 


Spot = (2.3026 log 14.49 x 10-4’ + 2.3026 log 500 
+ 104.5265 — 2.3 log 2 + 1.0000) 8.3143 = 51.4854 J mole“! K=! 


The vibrational component of entropy is found as a function of 0/T 
in the table of EKinstein’s thermodynamic functions for a harmonic 
oscillator: 

6/T 6 .00 6 .40 

Sate 0.4146 0.100 


Linear interpolation gives 


0.40 — 0.046 
zx = 0.028 
0.245 — x 


Hence, S yy, = 0.1418 J mole’ K~-*. The electronic component of 
entropy of CO is zero because the total spin of the electrons is zero. 
The entropy of CO equals the sum of the translational, rotational, 
and vibrational components of entropy: 


Sso9 = 161.0472 + 51.4854 + 0.118 = 212.6506 J mole“ K7 


20. Determine the entropy of methanol at 1.0133 x 10° Pa and 
o00 K. 

Solution. To determine the entropy of methanol sum up the tran- 
slational, rotational, internal rotation, and vibrational components 
of entropy. 
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To calculate the translational component of entropy use hq. (8.49) 
after having determined In Z,,,,, and found the derivative 


an Ztran 
(2 Firans | from Eq. (8.19). Then, 


Strang == (3.4539 log 32 + 5.7565 log 500 — 2.3026 log 1.0133 
<x 10° + 8.8612 + 1.5000) 8.3143 = 162.7142 J mole? K~ 


To calculate the rotational component of entropy use Eqs. (8.29) 
and (8.49). Calculation of the rotational sum over states calls for 
determination of the product of the principal moments of inertia. 
To do the latter, the necessary values should be tabulated. Let the 
nucleus of the carbon atom be the origin of coordinates. The x axis 
coincides in direction with the C—O bond. Figure 11 illustrates the 


Fig. 11. Projections and geometrical parameters of molecule CH,OH for cal- 
culating the product of moments of inertia 


equilibrium internuclear distances and the angles between bonds 
as well as represents two projections in the xz and yz planes. 


S| 

= 1026. xxX1919, m yxX1019, m zx4010, m 

< kg 
C |1.992 0 0 0 
QO | 2.656 1.43 0 0 
A, | 0.166 | 1.43-++-0.96 cos 70°=1.76 Q 0.96 sin 70° = 0.90 
H, | 0.166] 1.11 cos109°28’ = -0.37 0 1.44 sin 70°32’ =1.05 
H, | 0.116 —0.37 1.11 cos 240°=—0.96 | 1.11 sin 240°=—0.56 
H, | 0.166 =) 37 0.96 —0.56 

6 


SD) mi=5.312 x 10-% kg 


i= 1 


124 


Problems and Exercises in Physical Chemistry 


Hi He 


Atom C O 

zc 10*" O} 2.045 3.098 0.137 0.137 0.137 

y? x 10*° 0; 0 0 0 0.922 0.922 

22 x 107° 0]; O 0.810 1.103 0.314 0.314 

zy x 107° 0; O 0 0 0.355 {| —0.355 

zz X 107° 0; 0 1.584 —0.389 0.207 0.207 

yz X 102° 0} 0 0 0 0.538 | —0.538 

mx X 10** 0; 3.798 0.292 | —0.061 —0.061 —().061 3.907 

my xX 1036 0} 0 0 0 —0.159 0.159 | O 

mz X 1086 0; 0 0.149 0.174 | —0.093 | —0.093 0.137 

may X 1048 07] O 0 0 0.059 | —0.059 0 

mzz X 1046 O| O 0.263 | —0.065 0.034 Q .034 0.266 

myz xX 1046 0; O 0 0 0.089 | —0.089 0 

m (x21 y2) QO} 5.432 Q.514 0.023 0.176 0.176 6.321 
x 1048 

m {x3-+- 2%) O} 5.432 0.649 0.206 0.075 0.075 6.437 
<x 1046 

m (y#-+ 23) O; 0 0.134 0.183 0.205 0.205 0.727 
x 1046 


Solution of the secular equation (see Chapter 4) gives the following 
moments of inertia: 


Tag = 0.727 x 10748 — 


I yy = 6.437 x 107-4 — 


IT, = 6.321 x 10-4 — 


I ,, = 0.266 x 107% 


15.265 10-72-10 


0+4- 0.019 10-72 


5 Bacio = 9-727 x 10-4 0.004 x 10 
—= 0.723 x 10746 


9.312 x 10-38 


— 2.877 « 10-*§ — 3.560 x 10746 


= 6.437 «x 10746 


= 6.321 x 10-46 — 2.874 x 10-46 


5.312 « 10-28 
= 3.447 x 10746 
Q) 

y= 0 —SaaER = O 

Sade Toe — 0-266 x 10° — 0.104 x 10 
= 0.165 x 10746 

0 
!y.= 0 — sara =O 
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The product of the principal moments of inertia will be 
Tal ple — i ee (Layylz sa fit yz) — yn (f eylag “= LD y2l xz) 
— L xz CL yd yz + LT gil az) 
Tal plc = 0.723 x 10-4 (3.560 x 10-4 x 3.447 x 10-4 — 0 x 0) 
— 0.165 x 107-47 (0 x 0 + 3.560 x 107% x 0.165 x 10-9) 
= 0.723 *K 3.560 < 3.447 x 107198 
— 0.165 X 3.560 = 0.165 x 10-® = 8.775 x 107% 
Substitute the product of the principal moments of inertia into 
Eq. (8.25) to find In Z,., and (aot vy The CH,OH molecule 
is asymmetric. Substitution of the derived values into Eq. (8.49) 
gives 
Spot = (1.1513 log 8.775 = 107 + 3.4539 log 500 
— 2.3026 log 1 + 157.3621 + 1.5000) 8.3143 
= 10.3907 x 8.3143 = 86.3914 J mole K-! 
To calculate the internal rotation component of entropy use Eq. 
(8.30). In the methanol molecule the group of CH, atoms rotates 
relative to the OH group. It may be assumed that the rotation of 
these groups is free since C—O is a o-bond. Consequently, the energy 


of rotation exceeds that of the potential barrier. Find the reduced 
moment of inertia: 


lou, = omy (7c_H sin 70°32’)? = 3x 0.166 x 10726 
x (1.11 x 10719 x 0.943)? = 5.454 x 10-* kg m2 
Ton = 1 X 0.166 x 10-28 (0.96 x 107! sin 70°)? — 1 x 0.166 


x 10°28 (0.96 x 0.940 « 10719)? = 1.354 x 10747 kg/m? 


9.494 & 10747 K 1.351 x 1074? 


I vea = 5 54x 10-7 1.351 x10 1-089 x 10° kg ma? 


The symmetry number equals the product of the degrees of symmetry 
of the CH, and OH groups: o = 3 X 1 = 3. Then, 


S,.. = (1.1513 log 1.083 =x 10-47 — 2.3026 log 3 + 1.1513 log 500 
+ 52.8356 + 0.5000) 8.3143 = (0.7731 + 0.5000) 8.3143 
= 1.2731 x 8.3143 = 10.5849 J mole-! K7-} 


Determine the vibrational component of entropy as a function of 
0/7 for all 11 degrees of freedom of vibration. The values of the 
vibration frequencies, degeneracies, 0/7, and the entropies found 
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in the table of Einstein’s thermodynamic functions for a harmonic 
oscillator are given below. 


wo, X 107°, m= = 33.683 2.976 2.845 1.455 1.340 1.416 1.034 1.031 


Degeneracy 2 2 2 

0/T 10.598 8.564 8.187 4.187 3.856 3.211 2.975 2.967 
Syvibr 0.000 0.015 0.021 0.663 0.872 1.465 1.767 1.779 
Then, 


i=11 


S vipr = > Ss wibr = 8.725 J mole K7! 
i=! 


Sum up the entropy components to obtain the entropy under the 
specified conditions: 
S2o9 = 162.7142 + 86.3914 + 10.5849 + 8.725 

= 268.416 J mole? K~-! 


The electronic component of entropy is zero because the total spin 
of the electrons is zero. 


21. Determine the function = for methanol at 500 K 


and 1.0133 x« 10° Pa. 
Solution. To determine the above function first calculate the 


function — according to Eq. (8.54) summing all components 
over all 18 degrees of freedom of motion: 


(A522) = —8.3143 (3.4539 log 32 + 5.7565 log 500 


— 2.3026 log 1.0133 x 105 4- 8.8612) = — 8.3143 x 18.0704 
= — 150.2427 J mole K7! 


(4%) = —8.3143 (1.1513 log 8.775 x 101° + 3.4539 log 500 
— 2.3026 log 1 + 157.3621) = —8.3144 x 8.8907 
== — 73.9199 J mole“! K~! 
A~U, 


(++). — —8.3143 (1.1513 log 1.083 x 10-47 


— 2.3026 log 344.1513 log 500+ 52.8356) = —8.3143x 0.7734 

— —6.4278 Jmole-! K-71 

A—U, 
T 


The vibrational component of the function is found as a 


function of 6/7 for all vibrational degrees of freedom: 


wo, <x 10-°, m= 3.683 2.976 2.845 1.455 1.340 41.116 1.034 1.0314 
6/T 10.598 8.564 8.187 4.187 3.856 3.214 2.975 2.967 
Degeneracy 2 2 2 


— 0.000 0.000 0.001 0.128 0.179 0.343 0.438 0.441 
r 
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Then, 
( A—Us — —2.001 J mole! K7 


T ) abe 
Aspe i — —.150.2427 — 73.9199 — 6.4278 — 2.004 
— 232.594 J mole! K~! 


Give He — 232.591 + 8.3143 = — 224.277] mole! K~* 


22. Determine the function (Hso09 — H29g) for methanol. 
Solution. Use the tabulated value of (H293 — H,) from the hand- 
book: (Hs9g — H;) = 11.435 kJ/mole. Then, 


(Hcg — H3os) = (H2o0 — H°) — (H3o38 — H°) = 22.0741 x 10° 
— 11.435 x 10° = 10.636 x 10° J/mole 


Problems 


1. Determine the translational component of the sum over states 
for F, at 298 K and 1.0133 x 10° Pa. 

2. Determine the rotational component of the sum over states for 
F, at 298 K. Find the necessary data in the handbook. 

3. Determine the vibrational component of the sum over states 
for F, at 298 K. Find the necessary data in the handbook. 

4. Determine the electronic component of the sum over states 
for F,. Find the necessary data in the handbook. 

5. Determine the sum over states for F, at 298 K and 1.0133 x 
10° Pa. Find the necessary data in the handbook. 

6. Determine the sum over states for F, at 298 K and 0.5 x 
10° Pa. Find the necessary data in the handbook. 

7. Determine the sum over states for F, at 1000 K and 1.0133 x 
10° Pa. Find the necessary data in the handbook. 

8. Determine the sum over states for HI at 1000 K and 1.0133 x 
10° Pa. Find the necessary data in the handbook. 

9. Determine the translational component of the sum over states 
for methane at 1000 K and 1.0133 x 10° Pa. Find the necessary 
data in the handbook. 

10. Determine the rotational component of the sum over states 
for methane at 1000 K and 1.0133 x 10° Pa. Find the necessary data 
in the handbook. 

{1. Determine the vibrational component of the sum over states 
for methane at 1000 K if the degeneracies of vibrations are v, ~ 1, 
Vag © 3, 5, = 2, and 6,, = 3. Find the necessary vibration fre- 
quencies in the handbook. 

{2. Determine the electronic component of the sum over states 
for methane at 1000 K. 
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13*. Determine the sum over states for methane at 1000 K and 
1.0133 x 10° Pa. Find the necessary data in the handbook. 

14*. Determine the sum over states for CH,Br at 298 K and 
1.0133 x 10° Pa if the internuclear distances are 1.09 A (C—H) 
and 1.91 A (C—Br) and the angles between the bonds are 111° 
(7,HCH) and 107°57’ (~. BrCH). The symmetry number is three. The 
vibration frequencies (cm~!) and degeneracies (in brackets) are 618 
(1), 953 (2), 1290 (1), 1453 (2), 2965 (1), and 3082 (2). The degeneracy 
of the zeroth electron level is unity. 

15. Determine the translational component of internal energy 
for O, at 1000 K. 

16. Determine the rotational component of internal energy for O, 
at 1000 K. 

17. Determine the vibrational component of internal energy for 
O, at 1000 K. Find the necessary data in the handbook. 

18. Determine the internal energy (U — U,) and enthalpy 
(H° — H-) of O, at 1000 K and 1.0133 x 10° Pa. Find the necessary 
data in the handbook. 

19. Determine the internal energy and enthalpy of O, at 1000 K 
and 1.0133 x 10° Pa. Calculate (H° — Ho9), 999. Find the necessary 
data in the handbook. Compare the results with the value given in 
the handbook. 

20. Determine the heat capacity Cp of oxygen at 1.0133 x 10° Pa, 
and at 298 and 1000 K. Find the necessary data in the handbook. 
Compare the results with the values given in the handbook. 

21. Determine the internal energy and enthalpy of methane at 
298 K and 1.0133 x 10° Pa. Find the necessary data in the hand- 
book. Compare the results with the values given in the handbook. 

22*. Determine the internal energy and enthalpy of CH,Br at 
298 K and 1.0133 x 10° Pa. The vibration frequencies (cm~-!) and 
degeneracies (in brackets) are 618 (1), 953 (2), 1290 (4), 1453 (2), 
2965 (1), and 3082 (2). 

23. Determine the translational component of isochoric heat 
capacity for methane at 1000 K. 

24. Determine the rotational component of heat capacity for 
methane at 1000 K. 

29. Determine the vibrational component of heat capacity for 
methane at 1000 K. Find the wave numbers of vibration in the 
methane molecule in the handbook. The vibration degeneracies are 
v, 1,v,, ~ 3, 6, 2, and 6,, ~ 3. 

26. Determine the heat capacity Cp of methane at 1000 K if the 
vibration degeneracies are v, ~1, v,, +3, 5, ~2, and 5,, ~ 3. 
Find the wave numbers of vibration in the methane molecule in 
the handbook. 

27. Determine the heat capacity Cp of methane at 298 K. Find 
the necessary vibration frequencies in the handbook. The vibration 
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degeneracies are v, +1, Va, 3, 5, © 2, and 5,, ~ 3. Compare 
the result with the value given in the handbook. 

28*,. Determine the heat capacity of CCl, in the ideal gaseous 
state at temperatures ranging from 300 to 1000 K at 100 K intervals. 
Find the necessary vibration frequencies and degeneracies in the 
handbook. Derive the temperature dependence of the heat capacity 
of CCl, in the form of the equation Cp = a + bT + cI by the 
least squares method. 

29. Calculate the heat capacity Cp of water vapour at 1000 K. 
Find the necessary vibration frequencies in. the handbook. 

30. Calculate the heat capacity Cp of carbon dioxide at 1000 K. 
Find the necessary vibration frequencies in the handbook. 

31. Determine the number of methods by which a system of nine 
different substances can be arranged in three vessels so that the first 
vessel contains two substances, the second vessel—three substances, 
and the third—four substances. 

32. Calculate the temperature at which the atomic entropy of 
argon at 1.0133 x 10° Pa is 179.9 J mole? K~ if the electronic 
component of the sum over states for argon is unity. 

33. Calculate the pressure at which the atomic entropy of atomic 
iodine at 2000 K is 208.718 J mole“! K~! if the statistical weight of 
the zeroth electron level is four. 

34. Carbon monoxide and nitrogen are diatomic gases with equal 
molecular weights. Their heat capacities at 298 K and 1.0133 xX 
10° Pa are 29.15 and 29.10 J mole! K~!, respectively. The inter- 
nuclear distahces are 1.128 « 107?° m (C—O) and 1.098 x 10-*° m 
(N—N). The entropy of CO is 197.4 J mole K~-, and that of N, 
is 191.5 J mole“' K~?. Explain such-a wide discrepancy between the 
entropy values. 

30. CO, and SQ, are triatomic gases. The vibrational component 
of heat capacity for CO, at 300 K is greater than that for SO, at 
the same temperature by 1.47 J mole“! K—!. The heat capacities Cp 
of these gases at 300 K are 37.13 and 39.87 J mole-! K~, respectively. 
Draw your conclusions as to the molecular structure of these 
gases. 

36. Calculate the atomic heat capacity Cy, internal energy, and 
entropy of krypton at 298 K and 1.0133 x 10° Pa. The electronic 
component of the sum over states for krypton is unity. 

37. Calculate the rotational component of entropy for oxygen at 
000 K if the internuclear distance is 1.207 x 107? m. 

38. Calculate the vibrational component of entropy for CO at 
298, 1000, and 3000 K if the vibration frequency is 2.170 x 10° m“. 

39. Calculate the entropy of NO at a standard pressure and 298 K 
if the internuclear distance is 1.15 « 10-1° m and the vibration fre- 
quency is 1.9165 x 10° m~'. The electronic component of the sum 
over states for NO is four. 


9—0878 
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40. Calculate the function cect for Cl, at 1.0133 x 10° Pa 


and 298 K if the internuclear distance is 1.988 <x 10°'° m and the 
vibration frequency is 0.5649 x 10° m~!. The electronic component 
of the sum over states for Cl, is unity. 


44. Calculate the function ae: for hydrogen chloride at 


298 K and 1.0133 x 10° Pa if the internuclear distance is 1.2715 x 
10-!° m and the vibration frequency is 2.9897 x 10° m~!. The elec- 
tronic component of the sum over states for hydrogen chloride is 
unity. Also determine (G,,, — H,,,). 

42. Demonstrate that at the absolute zero of temperature, when 
all particles are at the zeroth energy level, the molar entropy is given 
by the equation S, = R1n gy, where gy is the statistical weight 
of the zeroth electron level. 

43*. Determine the entropy of water vapour in the ideal gaseous 
state at 298 K and 1.0133 x 10° Pa. Find the molecular constants 
in the handbook. o = 2. 

44*,. Determine the molar entropy of ethylene at 298 K and stan- 
dard pressure. Find the molecular constants in the handbook. The 
electronic component of the sum over states for ethylene is unity. 

45. Determine the fraction of NO molecules on the twentieth 
rotational quantum level at 300 K. Find the molecular constants 
in the handbook. | 

46*. Determine the fraction of 1H*°Cl molecules on the first fifteen 
rotational quantum levels at 300 K, to within 0.00001. Determine 
the rotational quantum number of the level on which the number of 
1H®*Cl molecules is maximum under the above conditions. Draw 
the rotational spectrum at 300 K. 


Multivariant Problems 


{*. Determine the following parameters of substance A in the ideal 
gaseous state at temperatures 7,, 7,, and 7, and at a pressure of 
1.0133 «x 10° Pa: (1) translational, rotational, and vibrational 
components of the sum over states; (2) sum over states; (3) transla- 
tional, rotational, and vibrational components of internal energy; 
(4) internal energy U — U,; (5) translational, rotational, and vibra- 
tional components of heat capacity; (6) heat capacity Cp; (7) derive 
the equation Cp = f (T) in the form of the series Cp = a + OT + 
cT* for temperatures ranging from 7, to 73, using three heat capacity 
values at the three temperatures; (8) translational, rotational, and 


vibrational components of entropy; (9) entropy S7; (10) translation- 
al, rotational, and vibrational components of the function uel F 


(11) function “[=®; and (12) function [—“2. Find the vibra- 
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tion frequencies and internuclear distances necessary for the cal- 
culations in the handbook. Remember that the ground electronic 


state is ! >). 


: a 1 T2 T; : eh ance v1 T; Ts 
> > 

1 79Br?®Br 300 ; 500 | 1000 | 14 | ?HS5Cl 300 } 500 | 1000 
2 79Brl Ff 300 | 600 900 | 15° | 7H8F 200 | 400 800 
3 12¢16Q 200 | 400 800 | 16 | H?27] 300 | 600 | 1200 
4 13C16Q 300 | 600 | 1000 | 17 | t4NI4N 200 900 | 1000 
9) s6C155Cl 400 ; 800 | 1000] 18 | #4P*%P 400 | 600 | 1200 
6 35] 19F 300 | 600 | 1000 | 19 | 4271277 400 | 600 800 
7 19F19F 200 | 500 | 1200} 20 | 127I35Cl 300 {| 500 | 1000 
8 *H?H 200 | 400 900 | 24 | 9®KS°K 600 ; 800 ; 1000 
9 IHL 300 | 600 | 1000 |} 22 | 223Na**Na | 600 | 800 | 1000 
10 "EH 300 | 500 900 } 23 | *7Li’Li 900 | 700 900 
11 sHPH 400 600 | 1200 24 BUY 600 |} 800 } 1000 
12 THSH 300 | 500 | 1000 | 25 | 74B°H D900 | 700 900 


13 1H? Br 400 | 600 | 1200 


2*. Determine the following parameters of substance A at tem- 
perature 7 and a pressure of 1.0133 x 10° Pa: (1) internal energy 
U — U,; (2) enthalpy H° — Hj; (3) heat capacity Cp; (4) entropy 
Sy; (5) function sant F and (6) function oe Find the geo- 
metrical parameters of the molecule of substance A, its vibration 
frequencies and degrees of degeneracy in the handbook. 


Substance Substance 
A A 


Substance 
A 


Variant T Variant T Variant 


{ co, 300 10 CH, 200 18 H,0 1000 
2 CS, 400 11 CHCI, {| 400 19 H,S 900 
3 N,O 300 42 CH,Cl | 300 20 so, 1000: 
4 NO, 250 13 CCl, 400 21 NH, 700: 
5 H,O 400 14 CO, 1000 22 | PC, 1200 
6 H,S 300 45 CS, 900 23 C.H, 1000 
7 SO, 300 16 N20 700 24 CHC), | 1200 
8 NH, 400 17 NO, 1000 25 H,C] | 900 
9 


PCi, SUG | | | 
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3. The rotational component of the sum over states for a diatomic 
homopolar substance is Z = 50. Calculate the following for the ith 
level: (1) ratio of the number of molecules on the ith level to that 
on the zeroth level, (2) fraction (of the total number) of molecules 
on the ith level, and (3) fraction of molecules on the zeroth level 


Variant 1 2 3 4 5 6 7 8 9 10 44 42 413 £14 45 
j 14 2 3 4 5 6 7 8 9 10 44 #42 43 £44 15 


4. Establish the nature of all chemical bonds in the molecules 
involved in a chemical reaction: (1) determine the geometrical con- 
figuration of atoms when the molecules involved in the reaction are 
in a state of equilibrium; (2) find in the handbook the molecular 
constants of the substances involved in the reaction; (3) determine 
the internal energy U — U, of all the substances involved in the 
reaction at temperatures ranging from 300 to 1000 K, at 100 K 
intervals, and also at 298 K; (4) determine the heat capacity Cp 
of all the substances involved in the reaction at 298 K and at tem- 
peratures ranging from 300 to 1000 K, at 100 K intervals; (5) write 
the equation Cp = f (T) in the form 


Cp=a+bT+ cr 


using the results of calculations in Para. 4 by the least squares 
method for all the substances involved in the reaction; (6) determine 
the heat of the reaction at 298 K and a constant pressure of 1.0133 x 
10°. Pa; (7) write the temperature dependence of the heat of the reac- 
tion in the form of the equation AH; = A+ BT + CT’ + DTI’: 
(8) plot the temperature dependence of the heat of the reaction; 
(9) determine (H° — H,) for all the substances involved in the reac- 
tion at 298 K and at temperatures ranging from 300 to 1000 K, at 
100 K intervals; (10) determine (H° — Agog) at temperatures ranging 
from 300 to 1000 K, at 100 K intervals; (11) determine the absolute 
entropies of all the substances involved in the reaction at 298 K 
and at temperatures ranging from 300 to 1000 K; (12) determine the 


functions ana for all the substances involved in the reaction 
at 298 K and at temperatures ranging from 300 to 1000 K, at 100 K 
intervals; (13) determine the functions Go for all the sub- 


stances involved in the reaction at 298 K and at temperatures ranging 
from 300 to 1000 K, at 100 K intervals; (14) determine the function 
(G° — Hoos) for all the substances involved in the reaction at 298 K 
and at temperatures ranging from 300 to 1000 K, at 100 K intervals; 
(15) determine the changes in entropy during the reaction at 298 K 
and at temperatures ranging from 300 to 1000 K, at 100 K intervals; 
(16) determine AG; in the course of the reaction at 298 K and at 
temperatures ranging from 300 to 1000 K, at 100 K intervals; and 
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(17) find out whether the reaction may proceed spontaneously under 
standard conditions at temperatures ranging from 298 to 1000 K. 


Variant Reaction 


Variant Reaction 


1 CH,+ H.0 = CO-+ 3He 4 2CH, + O02 = 2C0-+-4H, 
3 CO+H,0 = CO,-+H. 6 CH,-+ CO, = 2C0-+ 2H, 
CHAPTER 9 
Gases 


Basie Equations and Symbols 


The properties of ideal gases are given by the Clapeyron-Mendeleev 
equation 
PV = nRT (9.1) 


in which P is pressure, V is the volume occupied by n moles of the 
gas, n is the number of moles of the gas, T is absolute temperature ; 
and Ff is the universal gas constant. 

The properties of a mixture of ideal gases are given by the Dalton 
equation at 7 = const: 


P=Pyt+PotPyt...4P=y Py (9.2) 
P,; = Px, (9.3) 
where P is the total pressure of the gas mixture, P; is the partial 


pressure of the ith component, and x; is the molar fraction of the 
ith component, as well as by Amagat’s equation 


V=VitVatVst...+Vi=d V (9.4) 
Vi=Va, (9.5) 


where V is the total volume of the gas mixture, V; is the partial 
volume of the ith component, and x; 18 the molar fraction of the ith 
component; 


oe i = Vi (9.6) 
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where 7; is the number of moles of the ith component; 
V;P = PV (9.7) 


Equations (9.1) through (9.6) apply to real gases at elevated tem- 
peratures and low pressures. In calculating the properties of gases 
it is permissible to apply the laws governing ideal gases to con- 
ditions under which the molar volume is at least 5 litres for mono- 
and diatomic gases and at least 20 litres for more high-molecular 
gases at 298 K. 

The properties of real gases are given by Van der Waals’ equation 
for one mole of gas: 


(P+ a)V—b)=RT (9.8) 
or for nm moles: 
(P +t) (V —nb) =nRT (9.9) 
nRkT na 
p= ae (9.10) 


where a is a constant taking into account the mutual attraction of 
molecules; 


_ 27 «RTE 
a= Fp (9.11) 
6 is a constant taking into account the intrinsic volume of molecules, 
b= + no®N 4 (9.12) 

4 RT 


where 7, is the critical gas temperature, P, is the critical gas pres- 
sure, V, is the Avogadro constant, and o is the kinetic diameter of 
gas molecules. 

Van der Waals’ equation adequately represents the state of a gas 
if it is at a temperature above critical and one mole of the gas occu- 
pies a volume not less than 0.3 litre. 

There is another widely used equation representing the properties 
of real gases, namely 


Z = PVinRT (9.14) 


in which Z is the compressibility factor. For ideal gases Z = 1. 
Then there is the concept of fugacity f and its coefficient y;: 


where P is the pressure of the real gas, and P,g is the pressure that 
the gas would have at a given volume and temperature if it obeyed 
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the laws governing ideal gases. Equation (9.12) is applicable only 
in the case of low pressures. The coefficient y, is given by the relation 
For ideal gases y; = 1. The coefficients z and y; for a given temper- 
ature and pressure are calculated approximately using a plot 
(Figs. 12 and 13). Both coefficients are functions of reduced pressure 
sz. and reduced temperature Tt: 


n= P/P,, t= T/T, 
The virial equation of state is 


PV B,C 
are itataate: (9.17) 


where B and C are the second and third virial coefficients, res- 
pectively. 

As follows from the molecular-kinetic theory of gases, the tem- 
perature dependence of the diameter o of atoms and molecules is 


o=o% (1 ++) (9.18) 
O = 2r (9.49) 


where r is the kinetic radius of atoms and molecules, and o. and 
C are constants. 
The mean free path length is 


A= 1/(Y 2 n02N) (9.20) 


where N is the number of molecules per unit volume. 
The mean arithmetic velocity of a gas molecule is 


us V 8RT/(nM) (9.21) 
The gas viscosity coefficient is 
1 = M/(8n0°N a) (9.22) 


The number of collisions of one molecule per second per unit volume 
is 
Z=Y 2notuN (9.23) 


The number of binary collisions of similar molecules per second 
per unit volume is 


2! =\ notn%u (9.24) 


where mo” is the cross section of atomic and molecular collisions; 
the number of collisions between dissimilar molecules per second 
per unit volume is 


Zt = (EV Ba RT (264M) WN, (9.25) 
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Fig. 12. Activity coefficient (fugacity) of real gases versus reduced pressure and temperature 
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where N, and N, stand for the number of molecules of the first and 
second gases, respectively, within a given volume, Af, and M, 
are the molecular weights of the first and second gases, o, and oy, 
are the kinetic diameters; the total number of molecular collisions 
per unit vessel wall surface per second is 


Z"=NY RT/(2xM) (9.26) 


The Clapeyron-Mendeleev equation is also applicable to systems 
in which the gases undergo thermal dissociation. If the number 
of moles of the gas prior to dissociation is denoted n, the degree of 
dissociation under a given set of conditions is denoted a, and the 
number of molecules or atoms into which one molecule of the initial 
substance dissociates is denoted v, then in the state of dissociation 
the number of dissociated moles of the initial substance will be an, 
while that of the undissociated moles will be n + an =n (1 — a). 
Since every molecule gives v new molecules as a result of dissoci- 
ation, dissociation of an moles of the initial substance yields avn 
moles of dissociation products. Consequently, the total number of 
moles in the state of dissociation is 


n(it{—a)tamv=n(t—atavy=nlt+a(v—t)! (9.27) 


If we assign the symbol i to the quantity indicating the amount of 
increase in the number of moles as a result of dissociation, we have 
the following expression: 


total number of moles in the state of dissociation 
number of moles of initial substance before dissociation 


= threw = 1+a(~—1) (9.28) 


er 


If every molecule of the initial substance dissociates into two new 
ones (v = 2), then 


i=i+ea (9.29) 


As can be inferred from expression (9.28), the total number of 
moles in the state of dissociation equals the original number of moles 


times i. Hence, Eq. (9.1) as applied to a gas in the state of dissocia- 
tion takes the form 


PV = inRT (9.30) 


Exercises 


1. As 0.716 g of an organic substance evaporates at 473 K and 0.999 x 
10° Pa, it occupies a volume of 0.246 litre. Calculate the molecular 


weight of the compound and determine its formula if C: H:O = 
2.29 : 0.375 : 1. 


Ch. 9 Gases 139 


Solution. To calculate the molecular weight of the substance use 
the equation | 


n = PV/(RT) = m/M 


in which m is the mass of the substance of interest, and ™ is its 
molecular weight; 


v= 8.314473 x 0.716 


0.999x10°x2.426x10-42_ 116.18 


Having written the formula of the compound in the general form, 
C,.H,O,, and knowing its molecular weight and the mass ratio of the 
constituent elements, write the following three equations 


z16 + 216 x 0.375 + 216 « 2.25 = 116.18 (1) 
y1 = 216 X 0.375 (2) 
x12 = 216 X 2.25 (3) 


(16, 1, and 12 being the atomic masses of O, H, and C, respectively). 
Solution of the equations gives z = 2, y = 12, x = 6; C,H,O, = 
C,.Hi.0.. 

2. Reduce a gas to normal conditions (calculate the volume V 
occupied by a given quantity of gas at 273 K and 1.0133 x 10° Pa) 
if at 373 K and 1.333 x 10° Pa its volume is 3 x 10-? m3. 

Solution. Determine the gas volume using Eq. (9.1): 

Pw, 1.0132 105V 


_—_—_=2 


Ty 273 


 4.333X 108x 3X 10-2X 273 — 
V = ——373 xT .0133 108 = 2.89 x 10™° m 


3. Calculate the partial volumes of water vapour, nitrogen, and 
oxygen as well as the partial pressures of nitrogen and oxygen in 
moist air. The total volume of the mixture is 2 x 10-° m}, its total 
pressure is 1.0133 x 10° Pa, and the partial pressure of water va- 
pour is 1.233 x 10* Pa. The composition of air by volume is 21% 
O, and 79% Ng. 

‘Solution. Calculate the partial volume of water vapour, Vy,o, 
using Eq. (9.5): 


Vu,0P = VPu,o 


2X 1073 x 1.233 x 104 


10133408 4 X 104 m3 


Vu,o = 


Calculate the partial volumes of O, and Nj: 


Vo,-+Vu,o = V —Vu,0 = 0.002 — 0.00024 = 1.76 x 10-3 m3 
Vo,/Vn, =0.21/0.79 
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Hence, 
Vo, = 1.76 x 1073 x 0.24 = 0.37 x 1073 m3 


Vn, = 1.76 x 1073 x 0.79 = 1.39 x 1073 m? 


To calculate the partial pressure of O, use Eqs. (9.3) and (9.5): 
Po,= Pro, 
Zo, =: Vo,/V =0.369/2 = 0.184 
Po, = 1.0133 x 10° x 0.184 = 1.866 x 10* Pa, and since P = 
Po, + Px, + PuH,o, then 
Py, = 1.0133 x 105— 1.866 x 104 — 1.233 x 104 = 7.033 x 104 Pa 

4. Calculate the volume occupied by one mole of chlorine at 473 K 
and 2.0267 x 10° Pa. 

Solution. To calculate the volume of Cl, use Eq. (9.14). Therefore, 
find the reduced pressure x and temperature t with the aid of Eqs. 
(9.15) and (9.16): 7, = 447K; P, = 77.09 x 10° Pa; vt = 473/447 = 
1.143, m = 2.0267 x 10°/7.709 x 10° = 26.3. Calculate the com- 
pressibility factor z from Fig. 13: 2 = 2.7; 

V = 2.7 X 8.31 & 473/(2.027 x 108) = 5.239 x 10-5 m3 


9). Calculate the pressure of one mole of hydrogen occupying a 
volume of 0.448 x 10-° m® at 273 K. 
Solution. To calculate the pressure use Eq. (9.1): 


P = 8.31 X 273/(0.448 x 10-8) = 50.633 x 10° Pa 


This result, however, is unreliable because V < 5 litres. Therefore, 
repeat the calculation using Eq. (9.10): 


RT a 
P= Ty 
For hydrogen, a = 0.244 litre? atm/mole?, b = 0.027 litre/mole; 
0.082 x 273 0.244 
P =O AB 0037 OaeF = o1.9 atm (52.65 x 10® Pa) 


6. Calculate the volume of one mole of saturated water vapour at 
489 K and Py,o = 2.052 MPa (20.25 atm). 
Solution. The calculation is based on selection using Eq. (9.10): 


RT a 
an 

For water, a = 5.464 litre? atm/mole*?, b = 0.03 litre/mole. Ap- 

proximately we assume that 


y’'= ei eee oe — 1.964 litres 
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Substitute the obtained value into the reduced equation: 
0.082 x 485 0.464 49.44 atm 


= 1960.03 1.967 = 
The calculated pressure is below the stated level, hence the true 
volume is less than 1.964 litre/mole. 
Assume that V’’ = 1.75 litre/mole and repeat the calculation: 
»  0.082X%485 5.464 _ 
on ae 
Consequently, P’’ > Py,o. Since P"’ > Py,o > P’, assume that 
the volume V’’’ ranges from 1.95 to 1.75 litre/mole and equals 1.85 li- 
tre. Then 


p” 0.082 < 485 0.464 50.26 atm 


—_n_ 
—— 


The obtained value differs from the stated one by less than 0.05%, 
which is why we select the latter result. Hence, V’"" = V = 1.85 li- 
tre/mole (1.85 x 10-3 m*/mole). 

7. Calculate the pressure of one mole of ammonia which is in a 
100 ml vessel, at 500 K. 

Solution. For the above conditions (V < 0.3 litre) Eqs. (9.1) and 
(9.8) are not applicable, therefore, use Eq. (9.17) to calculate the 
pressure. The virial coefficients for ammonia at 500 K are to be found 
by way of interpolation from the data listed below: 


f, K 300 400 900 600 800 1000 2000 
B —15.7 0.03 8.03 13.91 20 .06 23.33 28 .30 
C 11415 1000 954 928 894 867 108 

B —4 .85 9.31 17 .05 21 .84 27 26 29 .96 3d .84 
Cc 1428 1332 1288 4258 1210 1167 1000 

B 12 .34 14 .36 14.98 15 .66 16 .68 16.72 16 .06 
Cc 297 283 271 260 242 227 181 

B — —3d2.33 —163.47 —98.83 —47.22 —26.19 1.47 
Cc — — ~— 4650 2170 1090 319 

B —285 —120.14 —68.30 -—45.97 —29.83 -—-10.19 3.37 
Cc — 3317 2397 1438 714 461 196 

B —94.03 —49.07 —25 —9 .89 7.92 17.70 34 .44 
C 3116 2499 2173 2005 1852 1786 1622 

8B 44.12 10.94 10.72 10.54 10.13 9.84 8.72 
Cc 98 .29 89 .48 82 .90 tT 63 69 .65 63 .85 48 .09 


8 is the second virial coefficient, cm*/mole, and C is the third virial 
coefficient, cm®/mole?. 


B= — 68.3 cm3/mole, C = 2397 cm®/mole? 


_ 8.34500 x 10-8 68.3 2397 \ 
P= 0.1x10-3 (1— 100 ga Toor) = 14.147 MPa 
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8. Calculate the kinetic radius r and the free path length A for 
0.0416 mole of helium occupying a volume of 14 litre at 293 K. 
Solution. The kinetic radius of helium atoms is to be calculated 
using Eq. (9.18). Find the values of ow and C for helium in the 
handbook: 
So = 182A, C=173 
o? = 1.822 (1-4 $5.) = 5.266 (A)? (5.266 x 10-2 m?) 


o=2.295A, r= 4.147 A (1.447 x 10° m) 
Calculate the free path length A using Eq. (9.20), but first determine 
N which is the number of molecules per cubic metre: 


23 
N =: ED 2 sO ce 2.506 x 1025 molecules/m? 


and 


b= _ = 1.706 1077 m 
V 2X3.14X 5.266 x 1072° x 2,506 x 1025 
9. Calculate the arithmetic mean velocity z of molecules and the 
viscosity coefficient yn for helium under conditions stated in Prob- 
lem 8 


Solution. To calculate the arithmetic mean velocity use Eq. (9.21): 
= (5 ee 
144.003 x 1078 
Calculate the viscosity coefficient using Eq. (9.22): 
N= ByxqTTRS DOA E TO = 1668x104 gem" so 
or 166.8 pP 


10. Calculate the number Z of collisions of one helium molecule, 
the total number Z’ of collisions per second per cubic centimetre of 
volume, and the number Z’”’ of collisions’ per square centimetre of 
the vessel wall surface area per second if 0.146 mole of helium occupies 
a volume of 1 litre at 293 K. 

Solution. To calculate the number Z of collisions of one molecule 


per second per cubic metre use Eq. (9.23) and the necessary data from 
the handbook: | 


4r? = o* = 5.266 «x 10-%9 m? 
aw — 1244.86 m/s, N = 2.506 x 1025 molecules/m? 
Z=2 X 5.266 « 107% x 1244.86 x 2.506 x 107° x 10-8 
= 2.02 «10° 


— 1244.86 m/s 


Ch. 9 Gases 143 


The total number Z’ of collisions per second within a volume of 
10~-§ m3 is to be calculated using Eq. (9.24): 


VA (V 2/2) x 3.14 x 5.266 « 10°28 (2.506)2 x 105° x 1244.86 x 107° 
= 9.14x 1078 


The number Z’”’ of collisions against the vessel wall surface within 
a volume of 1 x 107+ m® is calculated using Eq. (9.26): 


8.314 X 293 


2" = 2.506 x 10° ( 23.14 4.003 X 10-3 


y" 10-4 — 7.87 x 1023 


14. Determine the number of collisions of nitrogen and argon 
molecules against one another within a volume of 1 m?® and the num- 
ber of their collisions against the vessel wall over an area of 1 m? 
per second at 373 K and at partial pressures of 1.0132 x 10° Pa 
(N,) and 2.0264 x 10° Pa (Ar) if on, = 3.64 A ard og, = 3.5 A. 

Solution. Calculate the mean kinetic radius of the colliding mole- 
cules: 
= 3.58 A 


a 
Oo. = ——- 
ow OO ee 


On Oar 3.64 -+3.51 
D D) 


To calculate the number of nitrogen and argon molecules per cubic 
metre use the equation 


N,=(PwW/RT) Na 


5 23 
1.0192 x70" X1X 6.02210" — 4.97 x 105 molecules/m? 


Nx,= 


- 8.314 x 373 
23 
Nar= se 10" = 3.934 <x 1025 molecules/m3 


The total number Z’’ of collisions per second per cubic metre is cal- 
culated using Eq. (9.25): 


Z" = Ny Nao? [8nRT (AN yy” 


Mary, 


Z” = 1.97 x 1078 x 3.93 x 1025 (3.58 x 1071)? % 8x 3.14 «8.314 x 373 


39.94 + 28.01 1/2 ee 
( 39.94 28.01 x 10-3 | = 2.10 10 


The number >) Z’”’ of collisions of the gas molecules against the vessel 
wall over an area of 1 m? per second is calculated using the equation 


> Z” — ZN, i Lar 
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To calculate Zx. and Zk; use Eq. (9.26): 


wm 8.314 x 373 1/2 
ZN,= 1.97 x 1076 ( mice | — 2.61 x 10?? 


m 8.314 373 1/2 
Zi, = 3.934 x 10% (a = 4.38 x 1027 


>) 27 = (2.64 + 4.38) 1027 = 6.99 x 1027 


12. At 945 °C and 1 atm, 1.7 g of H,S occupy a volume of 5.384 li- 
tres. Calculate the degree of dissociation of hydrogen sulphide if the 
reaction proceeds according to the equation 


H.S = H, +0.58 ay) 


Solution. Use Eq. (9.30) and assume that i= 1-+0.5a. Then, sub- 
stitution of the corresponding numerical values into the equation 


PV = (4 + 0.5a) nRT 


gives, according to the equation of the reaction, 


_ PV ig, t<5.384 7 er 
= DERE "= OB KOUEKOOSDCIDIs 9-156 or a= 15.6% 
Problems 


1. Reduce to normal conditions a gas occupying a volume of 3 x 107 
m® at 373 K and 13.33 x 10? Pa. 

2. Determine the molecular weight and write the formula of a 
substance if the density of its vapour at 373 K and 1.013 x 10° Pa 
is 2.55 g/litre. The mass ratio of the constituent elements isC: H = 
125% 

3. Determine the amount of carbon dioxide occupying at 5.066 x 
10° Pa and 323 K the same volume that 1 g of helium occupies 
at 1.013 x 10* Pa and 273.15 K. What are the densities of these 
gases? 

4. The maximum temperature in a gas-holder is 315 K in summer, 
and the minimum temperature is 243 K in winter. Calculate the differ- 
ence (in terms of mass) by which the methane content in the gas- 
holder having a capacity of 2000 m? in winter may exceed that in 
summer if the pressure is constant and equal to 0.104 MPa (ignore 
the variations in the gas-holder volume with temperature). 

o. A barometer does not read correctly because of the presence 
of a small amount of air trapped above the mercury column. At a 
pressure of 755 mm Hg the barometer reads 748 mm Hg, and at 
740 mm Hg it reads 736 mm Hg. What is the actual pressure if the 
barometer reads 750 mm Hg at a constant temperature? 
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6. Calculate the following parameters of a gas mixture having 
the composition (% by weight) Cl, 67, Br, 28, and O, 5: (1) com- 
position by volume, (2) partial pressures of the components, and 
(3) volume of 1 kg of the mixture. The total pressure is 1.013 x 10° Pa. 
The temperature is 373 K. 

7. Oxygen at a pressure of 120 atm has escaped from an oxygen 
bottle having a capacity of 8 litres into a vessel with a volume of 
7.5 m3, filled with air at 740 mm Hg and 298 K. Calculate the total 
pressure in the vessel and the partial volumes of nitrogen and oxygen. 
(The composition of air is O, 21% by volume and N, 79% by 
volume. ) 

8. Calculate the amount of CO, that can fill a steel vessel having 
a capacity of 0.5 x 10-3 m? at 473 K and 162.1 MPa. 

9. Calculate, using Van der Waals’ equation, the temperature at 
which the volume of 1 kg of methane will become equal to 0.4 m?° 
at 2.026 MPa. 

10. Calculate the b constant in Van der Waals’ equation for CO, 
using (a) the critical parameters (handbook) and (2) the kinetic dia- 
meter of the CO, molecule at 273 K (o = 3.34 * 107° m). Compare 
the calculated values and explain their being close without com- 
plete coincidence. 

11. Calculate the volume of 1 kg of methane at 298 K and 3.039 
MPa. 

{2. Up to what temperature can a steel vessel having a capacity 
of 0.01 m® and containing 5 kg of gas A (O,, Nz, H,, H,O, NH3, COg, 
He) be heated if the maximum permissible pressure is 15.2 MPa. 
Which of the equations of state can be used for the calculation? 
Estimate the calculation error if Van der Waals’ equation is used 
(with respect to a calculation based on an equation in the virial 
form). Why do the amounts of error fail to coincide for different 
gases? 

13. At temperature 7, one mole of gas A occupies a volume of 
0.4 x 10-3 m®. Calculate the compressibility factor using the virial 
equation of state and the corresponding states method. Compare the 
results and determine the error of calculation by the corresponding 
states method. Calculate the fugacity coefficient y; for gas A at 7, 
K, and 10 atm with the aid of Fig. 12. 


Variant 1 2 3 4 5 6 7 
Gas A O. No H, H,O NH, CO, He 
T, K 300 300 300 700 500 400 = # 300 


14. Calculate the fugacity of ammonia if its molar volume is 
3.409 x 10-* m?/mole at 473 K and 100 atm. Use Eq. (9.12) for 
approximate calculation. Compare the result with the exact value 
f = 82.2 atm. Calculate the fugacity coefficient y;. 


10—0878 
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15. Calculate the arithmetic mean velocity of oxygen molecules 
at 873 K. At what temperature will helium molecules have the same 
velocity? 

16. At 293 K and 1.013 x 10° Pa. the viscosities of nitrogen and 
neon are 175 and 311 uP, respectively. Calculate (a) the kinetic 
diameters of the molecules of these gases and compare the results 
with the values given in the handbook, and (b) the temperature at 
which the viscosity of nitrogen becomes equal to that of neon at 
293 K. 

17. Calculate the mean number of colJisions of one molecule, the 
total number of collisions, and the number of collisions against the 
vessel wall over an area of 1 m* per second for oxygen at pressures 
of 1.013 x 10° and 1.013 Pa and at a temperature of 323.1 K. The 
oxygen volume is 0.5 m’, Under what conditions (pressure) will the 
free path length of O, molecules become equal to 1 x 10°? m? 

18. Calculate the degree of dissociation of phosgene if 2 g of this 
gas heated to 500 °C occupy a volume of 1.985 litres at a pressure of 
1 atm. 

19. The degree of dissociation of PCl, at 1 atm and 250 °C is 80%. 
Calculate the volume which will be occupied by 1 g of PC), if it is 
heated to 250 °C at 1 atm. 

4 At 2500 °C and 1 atm, H,O partially dissociates into H, and 

Under these conditions 10 litres of partially dissociated water 
me that which is at equilibrium with H, and O, weigh 0.7757 g. 
Calculate the degree of dissociation of water under the above con- 
ditions. 

21. At 627 “C and 1 atm, SO; partially dissociates into SO, and Og. 
One litre of the equilibrium mixture weighs 0.94 g under the above 
conditions. Calculate the partial pressures of the constituent gases 
in the mixture. 

22. The molecular weight of iodine vapour is 241 at 1 atm and 
800 °C and 212 at the same pressure but at 1027 °C. Calculate the 
degree a of dissociation and the coefficient i for different pres- 
sures. 

23. The degree of dissociation of N,O, according to the equation 
N,O, = 2NO, at 70 °C and atmospheric pressure is 65.6%. Calculate 
the apparent molecular weight of NO, under the above conditions. 


Multivariant Problems 


1. A faulty barometer with air trapped inside reads pressure P,, 
mm Hg, while the true pressure is P,, mm Hg. The length of the evac- 
uated portion of the instrument is /, mm, and the temperature is 
f,. Calculate the true pressure if the barometer reads P3, mm Hg, 
at temperature 7's. 
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2. Calculate the volume and density of gaseous substance A under 
conditions close to critical at temperature 7 and external pressure P. 
To determine the compressibility factor use the plot of Fig. 13. 


Variant A Il, K P, MPa || Variant A T,K| P, MPa 
1 H,O 598 11.75 13 CCl, 493 2.23 
2 H,O 593 | 11.0 14 CCl, 483 | 1.5 
3 H,O 588 | 10.3 15 CH,COOH | 593] 5.6 
4 H,O 583 9.6 16 CH,COOH | 573] 3.2 
i) H,0 578 8.95 17 CH,COOH | 553 20 
6 H,O 573 8.36 18 CH,COOH | 503 | 3.8 
7 NH, 345 3.2 19 CH,COOH | 483] 3.0 
8 NH, 335 2.5 20 CH,COOH | 463] 2.0 
) NH, 325 2.0 24 CaHe 558 | 4.3 

10 NH; 523 1.5 22 CoH, 5431 3.3 
44 CCl, 513 2.9 23 CeHe 533 | 2.5 
12 CCl, 503 2.5 24 CeH, 523 | 2.5 


3. Za, Zp, and gc kg of gases A, B, and C are mixed in a vessel 
having capacity V m* at temperature 7. Calculate the partial volu- 
mes and pressures of the components and the total pressure of the 
gaseous mixture (see table onp. 149). 


CHAPTER 10 
Condensed State of Matter 


Basic Equations and Symbols 
The polarization of a substance is given by the equation 
P= Po + Pat + Pe: (10.4) 


in which P,, is orientation polarization, P,, is atomic polarization, 
and P,, is electronic polarization; 


D— 
P—P.+P,= ies — (10.2) 


where Py = P,, + P-, is polarization by deformation, D is permit- 
tivity, M is the molecular weight, and d is the density of the sub- 
stance; 


P= AN p (Qo, + tat + %e)) => AN ga (10.3) 
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where NV, is the Avogadro constant, and a is polarizability; 


2 
Qor = Te (10.4) 


where pu is the electric dipole moment, and & is the Boltzmann con- 
stant; 


4 ae 


D—1 M 
Dae IN (Cat toe) + et Be (10.5) 
or 
P —a + bd/T (10.6) 
where 
a= ia (a4 + Oe) (10.7) 
b n,+- 0 
= tn A> (1 .8) 
Okb 


In the international system of units, the electric dipole moment of 
nonpolar or weakly polar substances is given by the equation 


u = 4.274 x 10-° WB (10.10) 


in which 0 is a coefficient expressed i in m? K/mole; the off-system unit 
of the electric dipole moment is debye: 


u = 0.012813 Vb (10.11) 
The molar polarization of a completely ideal solution is 


) ee Die—1 21M,+2.M, 
ne Dyote di2 


where P, , is the molar polarization of the solution, D, , is the solu- 
tion’s permittivity, d, , is the solution density, z, and x, stand for 
the molar fractions of the solvent and solute, and M is the molecular 
weight. For a two-component (binary) solution we have 


(10.12) 


P,, = P,z, + P.z, (10.43) 

The molar refraction equals the electronic polarization of a substance 
+4 M 4 

@ ce a — 3 TUN pQey = Ry (10.14) 


where Ay is the molar refraction, m3/mole, d is the density of the 
substance, kg/m*, M is the molecular weight, and n is the refractive 
index. The specific refraction r equals the molar refraction divided 
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by the molecular weight: 


p= AM (10.15) 


If a solution contains m, kg of a solute in m, kg of a solvent, then 


_ ni—i my, _ ng—1 mg 
TSS TEED dy? 22 EEE “da 
— n®—1 m 
fe Sameer TS a 
Consequently, 
_nf—it my, nz—t mg n?—1 m 
mr tt. d, ' n+2 d,  n?+2 a (10.17) 
Ru => mRart 2 nj, + 2 nk, (10.18) 
1 dj 
If the atomic polarization is ignored, then 
__ 4 tN a 
Hence, the molecular dipole moment will be 
u = 4.274 x 10°22 Y (P— Ry) T (10.20) 
For substances in the liquid or solid state, 
u = 4.274 x 10-9 Y (P— Ry) 7 (10.21) 


In Eqs. (10.20) and (10.21), polarization and refraction are expressed 
in m?/mole. For a narrow range of temperatures which are far 
from critical the density of a liquid is given by the equation 


dy = deg (1 —a (T — 273)] (10.22) 


in which da, is the density at temperature 7, d,,, is the density at 
273 K, and @ is the thermal coefficient of volume expansion; 


a= (), (10.23) 


where V is the volume of the liquid. If it is assumed that a = const 
within a narrow temperature range, then 
a= AV/V (10.24) 


where AV is the change in the volume of the liquid when it is heated 
by 1°. 
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The surface tension o of a liquid corresponds to a change in Gibbs’ 
energy (AG) during formation of a unit surface area; 


o = AG (10.25) 
(-CGy 6) (10.26) 


where C is the proportionality factor, d,,~ is the liquid density, 
and d, is the vapour density. The temperature dependence oi the 
liquid’s surface tension is given by the equation 


o=AH+T (=). (10.27) 


The viscosity of a liquid is expressed as the intrinsic meiecular 
volume and its specific volume: 


"1 = Cl(v — o) (10.28) 


where y is viscosity, C and w are constants independent of tem pera- 
ture, and v is the specific volume of the liquid. The temperature de- 
pendence of the liquid’s viscosity is given by the equation 


= kebn/Bt (10.29) 


in which £, is the energy of activation of viscous flow. 
The heat of evaporation of a liquid for temperatures far from cri- 
tical is expressed as 
T 


AH evap, 7 =AHevap, 2-+ \ AC aT (10.30) 
298 


where AA,vap,r and AHevapoog Stand for the heat of evaporation 
at temperature 7 and 298 K, and AC is the difference between the 
heat capacities of the vapour and liquid phases. 
Calculation of the heat of sublimation of a solid is based on the 
equation 
T 


AF gun, ‘ AH sunt, 298 \ AC aT (10.34) 
298 


in which A#,.,),7 and Af,,)).09g Stand for the heat of sublimation 
at temperature T and 298 K, and AC is the difference between the 
heat capacities of the vapour and solid phases. 

The lattice energy for atomic and molecular crystals can be de- 
termined from the equation 


E = AHo (10.32) 


where £ is the lattice energy and AH,,,, is the heat of sublimation; 


for metals, 
E = AAgy, + 1 (10.33° 
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where J is the ionization potential; for ionic crystals, 
Ema = — AfT;, wa + AH guy), mM + Aff diss, A, +- Ing -+ Fa (10.34) 


where AH; ya is the heat of formation of solid substance MA frorp 
simple substances, AH,,,;.m is the heat of sublimation of the metal, 
M, Iy is the ionization potential of M, and /’, is the electron affinity 
of A. According to Kapustinsky’s Seen 


Ema = 1072.24 x 10-7 1 > n; 
(10.35) 


_ oy, eee 0.345 x 10-20 
Ema = 1202.45 x 107? —33— (4— ee 3 n; 


Exercises 


1. Determine the polarization of nitrobenzene molecules at 293 K, 
proceeding from the permittivity and density values. 

Solution. Find the permittivity and density of nitrobenzene at 
293 K in the handbook: Dog, = 35.97, dog, = 1.2033 x 10° kg/m?. 
Use Eq. (410.2) for the calculation: 


__ 35.97—1 123x103 as 

2. Proceeding from the permittivity of nitrobenzene solutions in 

benzene and the densities of solutions of several concentrations at 
298 K: 


CGH NOs 0.0312 0.0704 06.1028 
D 2.98 3 .86 4.64 
dX 10%, kg/m? 0.885 0.901 0.944 


determine the polarization of nitrobenzene at infinite dilution, P. 
Solution. To determine the polarization P, , of the solution use 
Eq. (10.12): 


Sa ~3 
epee ND i ek. ee 


2.98-+ 2 0.885 x 108 
— 35.673 x 107* m3/mole 


_ _ 3.86—1 (78x0.9294-+ 123 0.0704) 10-3 
£2 = 0.0704, Py 2 = 3.86-+ 2 0.901 «x 103 
= 39.614 x 1075 m3/mole 
4.64—1 (780.8972+ 123 x0.1028) 10-3 
4.6442 0.914 103 


= 45.295 x 107* m3/mole 


Lo —— 0.1028, P, = 
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To determine the polarization of nitrobenzene at each concentration 
use Eq. (10.13). But first calculate the polarization P, of the pure 
solvent, benzene, with the aid of Eq. (10.2). Find the permittivity 
of benzene and its density in the handbook: 


Doog = 2-27, doog = 0.874 X 103 kg/m? 


227-1 718x103 at 
Py = S573 DTA = 26.544 x 10 m?/mole 


x,=0.0312, P= (35.673 — 20.944 0.9688) 10°" _ 319.140 x 107 m3/mole 


0.0312 
2, = 0.0704, Py = 2S ?6 RE xD Geo =: 212.197 x 10-* m?/mole 
p= 0.1028, P, = C2 PO om Set = 208.947 x 10° m3/mok 


Since each value of P, contains an error, use the least squares meth- 
od to find the relation P, = f (z,) in the form of the equation 


x9 Pox 106 x2 xoPex 106 
0.0312 319.140 0.000973 9.9572 
0.0704 212.197 0.004956 14.9387 
0.1028 208 .947 0.010568 21.4798 


P, = 740.284 | >'23=0.016497 |S) 22) = 46.3757 
40.2044 | 2 Ps 2Ps 
2% x 10-8 x 10-6 


The normal equations will take the forms. 
oa + 0.2044b = 740.284 «x 107° 
0.2044a + 0.016497b = 46.3757 x 10-8 


Solution of these equations gives: a = 354.435 x 10-8, b= 
—1580.336 x 107°, and the equation for the above relation will 
take the form 


P, = 354.435 x 10-® — 1580.336 x 10-82, 


At z, >~0, P, >P.w = a; Ps. o = 354.485 xk 10-® m?/mole. 
3. Determine the polarizability of nitrobenzene at 298 K if the 
polarization at infinite dilution is 354.435 x 10°* m?/mole. 
Solution. To calculate the polarizability use Eq. (10.3): 


8 Pa,0 3 354.435x10-8 
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4. Determine the molar refraction of nitrobenzene at 293 K_ pro- 
ceeding from its refractive index and density given in the handbook. 

Solution. Find the refractive index and density of nitrobenzene 
in the handbook: n = 1.5522, dygg = 1.2082 x 10? kg/m?*. To cal- 
culate the molar refraction use Eq. (10.14): 


4.552221 1231073 ae 
Ru = Tesant pa Tieasxtor ~ °%-802 x 10™ m*/mole 

5. Determine the electronic polarizability of nitrobenzene at 
298 K if its molar refraction is 32.802 « 10-® m®/mole. 

Solution. To calculate the electronic polarizability use Eq. (10.14): 


3  32.802x10-° 


el “A 716.02252x1022 1.3003 x 10° m° 


OL 
6. Determine the electric dipole moment of the nitrobenzene mole- 
cule if the polarization of nitrobenzene at infinite dilution is 354.435 x 
10-® m3/mole and its molar refraction is 32.802 « 10-* m3/mole. 
Solution. To calculate the electric dipole moment use Eq. (10.21) 
assuming that the atomic polarization is small in comparison with 
P.. and Ay: 


=4.274 x 10°29 VY (354.435 x 107 — 32.802 x 107%) 298 
— 132.099 x 1073! C m 
or, in debyes, 
up = 0.01284 VY (354.435—32.802) 298 = 3.96 D 


¢7. The refractive index and density of propyl ester of chloroacetic 
acid at 298 K are 1.4035 and 1.090 x 10° kg/m’*, respectively. De- 
termine its molar refraction and compare the result with the value 
calculated following the additivity rule.. 

Solution. Use Eq. (10.14) to calculate the molar refraction: 


4.403524 122.5 
M ~ "T,40352-- 2 1.090 


The value of (n* — 1)/(n* + 2) can be found in the handbook. To 
calculate the molar refraction in accordance with the additivity 
rule (10.18) use the table of atomic refractions: 


Atom Cl 4C 7H Ocarbonyl Oester CICOOCH,CH,CH, 
a, cm®/mole 5.967 4 X 2.448 7 X 1.100 2.211 1.643 27.193 


The molar refraction calculated from the refractive index and density 
agrees well with the value obtained following the additivity rule. 

8, At 293 K the refractive indices and densities of chloroform and 
chlorobenzene are, respectively: np = 1.4457, d = 1488 kg/m? and 
yn = 1.5248, d = 1110 kg/m*. Proceeding from the refractive index 
of a chloroform solution in chlorobenzene and the solution density, 


R =: 27,455 m3/mole 
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determine the concentration of chloroform: np = 1.4980, d= 
1260 kg/cm’. 

Solution. Denote the mass concentration of chloroform z%. Then, 
the concentration of chlorobenzene will be (400 — x)%. Substitute 
the appropriate values into Eq. (10.17): 


1.49307—1 100 1.44577—1 2 1.5248°9-—-t {00—2 


1.49302 4-2 1260 1.445722 1488 1 1.504872 1110 
Solution of this equation for x gives z=46.8. Consequently, the con- 
centration of chloroform is 46.8%, and that of chlorobenzene 53.2%. 

9. Determine the molar refraction of glycerol C,H,;(OH), in water 
at 293 K if the refractive index of a 10% solution is 1.34481 and its 
density is 1.0221 x 10° kg/m®. The refractive index of water is 
4.33303, and the water density is 1.0006 x 10° kg/m’. 

Solution. To determine the specific refraction use Eq. (10.17) 

1.344812 —1 st 1.333032 — 1 0.9 
1.344812-+-2 1.0221 1.333037--2 1000.6 


= 0.20770 x 10-3 — 0.18503 x 1073 = 0.02267 x 1073 
Determine the molar refraction from Eq. (10.15): 


—e 92 x 1073 = 20.857 x 10-6 m3/mole 


{0. The temperature dependence of the volume of acetone is given 
by the following equation: 


Vr = Vora {1 + 1.3240 x 10-% (T — 273) + 3.8090 x 10-* 
x (T — 273)? — 18.7983 x 10-* (7 — 293) 3] 


Its molar volume at 273 K is 71.3846 cm’/mole. Determine the coef- 
ficient of volume expansion and density of acetone at 315 K. 

Solution. To determine the thermal coefficient of volume expan- 
ong te Eq. (10.23). To this end, calculate the volume of acetone 
at 315 K: 


Vas = 74.3846 (1 + 1.3240 x 10- x 42 + 3.8090 x 10-8 x 422 
~18.7983 x 10-® x 423) = 75.7344 em*/mole 


Density is the reciprocal of molar volume, multiplied by the 
molecular weight: 


Ru = 


dy, = Se = 0.7658 x 10-8 kg/em! 
(+) = 71.3846 x 1.3240 x 10-8 + 2x 71.3846 x 10° 


x 3.8090 (7 — 273) — 3 x 71.3846 x 18.7983 x 10-8 (T — 273)? = 0.2460 
+- 2.7418 x 10-37 — 4.0257 x 10°87? 
O45 = 3.2481 x 10-3 + 11.4038 x 1073 — 5.2744 x 10-3 = 9.3775 x 1073 
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11. The densities of liquid benzene at 273 and 304 K are, respec- 
tively, 0.9001 x 10-3 and 0.8685 x 10-° kg/cm®. Determine the 
density of liquid benzene at 323 K. 

Solution. Use Eq. (10.22): 


0.8685 x 10-3 = 0.9001 x 10-3 (4 — a30), a = 1.1702 x 10-3, 
dao, = 0.9001 xX 10-3 (1 — 1.1702 x 10-3 x 50) 
== 0.8474 x 10-3 kg/em® 


12. Determine the work of surface formation of one mole of ben- 
zene as it forms droplets 0.1 mm in diameter at 293 K. 

Solution. First determine the total surface area of one mole of 
benzene in the form of droplets. Find the density in the handbook: 
dog, = 0.8790 x 10-* kg/em?. The volume of one mole is: 78/0.8790= 
88.7372 cm®. The volume of one droplet is 


V = 1 (0.005)3 = 0.5236 x 10° om? 


The area of one droplet is s = 4x (0.005)? = 0.314 x 107% cm. 
The total surface area of one mole of benzene in the form of droplets is 


Ce 88.7372 


DEYSYZ eu 0.314 x 1073 = 53.2355 x 103 cm2/mole 


Find the surface tension of benzene in the handbook: ao = 28.88 x 
10-3 N/m. If the surface area of benzene prior to atomization is 
ignored, then the work of atomization is 


AG = So = 28.88 x 10°? X 5.3236 = 153.746 x 107° J/mole 


13. Determine the surface tension of C,H,Br at 323 K. 

Solution. Find the value of o in the handbook: o = 35.09 x 107% 
N/m at 293 K. To calculate the surface tension at the above tem- 
perature use Eq. (10.26). The vapour density can be ignored as neg- 
ligibly low when compared to that of the liquid. Find the density 
of C,H,Br at 293 K in the handbook. Then, Eq. (10.26) will give the 
coefficient C: 


C = 39.09 x 107°/(1.4948 x 108)4 = 7.0283 x 10-7! 
At 323 K, the density of C,H;Br is 1.4546 x 10%. Consequently, 
Ogeg == 7.0283 < 10-* (1.4546 « 108)4 = 31.46 x 10-3 N/m- 


14. The surface tension of n-butanol at 273, 283, and 293 K is 
26.2 x 107%, 25.4 « 10-3, and 24.6 «x 10-3 N/m, respectively. De- 
termine the change in entropy during formation of 1 m? of surface 


area of n-butanol and the heat of formation at temperatures ranging 
from 273 to 293 K. 
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Solution. Use Eq. (10.27). For a narrow temperature range, 
( da _ Ag 
oT ) >= AT 


24.6 10-3 — 26.2 10-3 
293 — 273 | 
= 48.04 x 1073 J/m2 


Hence, 
a Tao = 95.4% 10-3 — 283 


AS = —0.08 x 10-3 J m-? K-! 


15. Determine the relationship between the viscosity of n-propa- 
nol and its specific volume. Calculate the viscosity of n-propano] 
at 353 K. 

Solution. Use the following transformed form of Eq. (10.28): 


1 V G) 


em COE eee, 
_ 


1 C C 


the general form of this equation being y = a + bx, where a = a@/C 
and b = 1/C. The equation is linear and has the coordinates 1/y = 
{(V). The viscosity at several temperatures can be found in the 
handbook. Find the densities for the same temperatures: 


T, K 273 293 313 333 
n X 103, Ns m? 3.883 2.234 1.400 0.924 
d X 10-3, kg/m3 0.8193 0.8035 0.7875 0.7700 


Calculate the fluidities from viscosity and the specific volumes from 
density. Since each value of viscosity and density contains an error, 
find the coefficients a and 0 by the least squares method: 


7x103, m3/keg i/yxi0-3, m2 N-1 s-I 72x106 | D — 

x | y | x2 | xy 
1.2206 0.2579 1.4899 0.3143 
1.2446 0.4476 1.5490 0.9971 
1.2698 0.7143 {.6124 0.9070 
1.2987 4.0898 1.6866 { .4104 


! 
DY) z= 5.0887 x 10-9} D} = 2.5052 x 108 |F) 296.3379 x 10-*| zy = 8.1885 


The normal equations will be 
4a + 5.0837 x 10-36 = 2.5052 x 10° 
3.0337 « 10-8a + 6.3379 «x 10-86 = 3.1885 
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Solution of these equations gives a = —12.1374 x 10°, b=10.1428 x 
10°. Hence C = 9.8592 « 10-8, mw = +2.1967 x 10°°. The equa- 
tion of interest will be 
9.8592 10-8 
1 Y—11967x10— 


At 353 K, d = 0.7520 x 10% kg/m, consequently, v = 1.3298 x 
10-3 m?/kg. 
y = 0.7407 x 107 Nsm”? 
16. Determine the energy of activation of viscous flow for chlo- 
robenzene. Calculate the viscosity of chlorobenzene at 343 K. 


Solution. To determine the energy £, of activation of viscous flow 
use Eq. (10.29): 


E 
log 9 = log k + >a55eRF or y=a+ber 


where y = log yn, a = logk, and b = E,/2.3026RT. Find the vis- 
cosities at several temperatures in the handbook: 


T, K 273 283 293 303 313 323 333 

Hy X 103, 1.056 0.915 0.802 0.708 0.635 0.573 0.520 
N s m? 

log yn —2 .9763—3 .0386 —3 .0958—3 .1500—3 .1972—3 .2418—3 .2840 


(41/T) X 10? 3.663 3.584 3.443 3.300 3.195 3.096 3.003 


Since each value of viscosity yn contains an error, determine the energy 
E, of activation of viscous flow by the least squares method. Write 
the solution in the form of the following table: 


= x 103 log n aa X 108 | a log n x 103 
x | y | x2 | xy 
3.663 — 2.9763 13.418 —10.902 
3.934 — 3.0386 12.489 — 10.738 
3.413 —3.0958 11.649 — 10.566 
3.300 —3.1500 10.890 —10.395 
3.195 —3.1972 10.208 —10.245 
3.096 —3.2418 9.585 — 10.037 
3.003 —3.2840 9.018 —9.862 


S} © = 23.204 10-3 | Sl y= — 24.9837 | S) 2? = 77.257 X 10-9] 9) zy — 72.715 X 1073 
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7a + 23.204 xk 10-3b = —21.9837 
23.204 x 10-84 + 77.254 x 10-6 = —72.715 x 10-° 
a+ 3.315 x 107%°b = 3.14095 
b = 485.714, a = —4.7506 
a+ 3.329 x 10°3b = —3.1337 


The equation of the temperature dependence of viscosity for chloro- 
benzene will take the form 


log y = —4.7506 + 485.714 x 1/T 
E, = 485.714 x 2.3026 x 8.3143 = 9.2988 x 10° J/mole 
The viscosity at 343 K will be 


log 7 = —4.7506 + 485.714 « 1/343 = —3.3344 
= 0.463 x 10° Nsm~ 


{7. Determine the heat of evaporation of one mole of CCl, at the 
normal boiling point, proceeding from the values of AH; 93 for li- 
quid and gaseous CC]l,. 


Solution. Find the value of AH; o3 in the handbook: 
AH wvap.208 = (—106.7 + 139.3) 10? = 32.6 x 10% J/mole 


It may be assumed with a high degree of certainty that AH does not 
depend on pressure. Use Eq. (10.30). Since T,.», is well below the 
critical temperature, it may be assumed that AC is independent of 
temperature and equals AC gos: 


Tn.b. 
AH, ,,=AH 23+ \ AC aT 
298 


Find the normal boiling point in the handbook: 7,.,. = 349.7 K: 
Aff 7, = 32.6 x 108 + (83.4—131.7) (349.7298) = 30.1 x 103 J/mok 


18. The heats of formation of Lil at 298 K in the gaseous and solid 
states are —67.0 and —271.3 kJ/mole, respectively. The temperature 
dependence of the heat capacity of solid Lil is given by the equation 


Cp = 91.50 + 10.22 x 10-37 
The heat capacity of gaseous Lil is 

Cp = 36.68 + 14.24 x 1037 
Determine the heat of sublimation of Lil at 680 K. 
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Solution. To determine the heat of sublimation use Eq. (10.31): 
6806 
AH ego == (— 67.0 x 103 + 274.3 x 103) +. | [(36.68 — 54.50) 
298 
4+. (14.24 — 10.22) 10-37'] d7’ = 204.3 x 103 — 14.82 (680 — 298) 


4 SAEXIN (680?— 2984) = 199.39 x 103 J/mole 


19. Calculate the ionic lattice energy of magnesium chloride, 
proceeding from the thermodynamic cycle and Kapustinsky's equa- 
tions. Compare the results with the values given in the handbook. 

Solution. Find the values necessary for the calculation in the 
handbook: AH},298 meci, = —-641.83 kJ/mole, AA, yimg = 1509.5 
kJ/mole, AH} 298,c, = 121.3 kJ/mole, Img = 2187 kJ/mole (ion- 
ization potential), and EF = —363 kJ/mole (electron affinity of Cl). 


Emgci, = (641.83 4+ 150.5 + 242.6 + 2187.0 — 726.0) 103 

=: 2495.9 x 108 J/mole 
Calculate the ionic lattice energy using Eq. (10.35). To do this sub- 
stitute into Eq. (10.35) the ionic charges z, = 2, 2, = 41, as well as 


in = 3, vga = 0.74 X 107° m, and rcg- = 1.81 x 10-* m. 
Then, 


Eveci,= 1072.2 1077 whi 3 = 2520 x 103 J/mole 


or 
_ 7 2Xt 0.345 x 10-10 
Emgci, = 1202.5 x 1077 0-74-4181) 10-77 La iiiay io | 
= 2450 x 108 J/mole 


According to the handbook, Eygc), = 2493 < 10° J/mole. 


Problems 


1. Determine the polarization of chloroform at 293 K, using the 
permittivity and density values given in the handbook. 

2. Given the permittivity of aniline solutions in dioxane and 
the densities of the solutions at 298 K, determine the polarization 
of aniline at infinite dilution: 


ZCgHsNH, X 10°, mol. frac. 0 9.77 35.67 
D 2.6037 2.2508 2.3144 
ad, g/cm? 1.0280 1.0279 1.0276 


3. Proceeding from the polarization of chloroform at infinite 
dilution, its refractive index and density at 293 K according to the 
handbook, determine the dipole moment of CHC}, 


11—0878 
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4*. Proceeding from the polarization of acetone at infinite dilu- 
tion in a nonpolar solvent at several temperatures according to the 
handbook, determine the electric dipole moment of the acetone 
molecule. 

5. The refractive index and density of propyl] ester of chloroacetic 
acid at 293 K are 1.4035 and 1090 kg/m’, respectively. Determine 
its molar refraction and compare the result with the value obtained 
following the additivity rule. 

6. Determine the molar refraction of pyrrole C,H,N if its refractive 
index is 1.5034 and density 929 kg/m*. Compare the result with the 
value obtained following the additivity rule. 

7. Which of the two structures 


O 
CH,—C—O—CH,—CH=CH, 


or 


O O 
CH,—C-—-CH,—C_CH, 
is identified with the compound having the empirical formula C;H,O, 
if its refractive index at 298 K is 1.4045 and its density is 928 kg/m?. 

8. Given the permittivity and density of benzene at 283, 293, 
303, and 313 K, determine its molar polarization and electric di- 
pole moment. 

9. Determine the volume to be occupied by 1500 kg of amy! alco- 
hol (1-pentanol) at 390 K. Find its density and thermal coefficient 
of volume expansion in the handbook. 

10. The temperature dependence of the volume of diethyl! ester 
of oxalic acid in the range of 273 to 414 K is given by the equation 


Vr = Vong (4 + 1.06031 x 10-° (7 — 273) + 1.0983 x 10-8 
x (T — 273)% + 2.6657 « 10-9 (7 — 273) 3] 


Determine the density of diethyl ester of oxalic acid at 443 K 
if its density at 293 K is 1.0785 x 10° kg/m. 

{1. Given the surface tension and density of CCl, at 273, 283, 
293, 303, 313, 323, and 333 K, prove that the quantity o'/4M/d is 
independent of temperature. Calculate this quantity. 

12. The following are among the possible structures of the com- 
pound having the empirical formula C,H,0.: 

H,C—CH, O 0 O 
oO | i 
H,c CH—C CH,—C—CH,—~—C—CH, 
NZ \ 
H 
I Il 
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Establish the structure of the compound if its surface tension at 
2998 K is 0.0433 N/m and density 1.1094 x 10% kg/m‘, using the 
appended table of parachor increments. 

13. The empirical formula of a compound is C HN. Define its 
structural formula if the density of the compound is 969 kg/m® at 
293 K and its surface tension at the same temperature is 37.52 X 
{0-3 N/m. 

14*. Derive the equation for the temperature dependence of sur- 
face tension using the values of the latter at several temperatures 
according to the handbook. Let the equation be of the o = a + bT 
type. Use the least squares method. 

15. Determine the change in entropy during formation of ft m? 
of surface area of liquid chlorobenzene, using the handbook. 

16. Determine the change in enthalpy during formation of 1 m? 
of surface area of liquid chlorobenzene at 293 K. Find the necessary 
values in the handbook. 

17*. Derive the equation for the fluidity 1/yn of nitrobenzene as a 
function of specific volume, using the least squares method and the 
necessary data from the handbook. Determine the viscosity of ni- 
trobenzene at 373 K if its density at the same temperature is 1.1245 x 

10? kg/m’: 

18*. Determine the energy of activation of viscous flow for ben- 
zene, proceeding from the viscosity at several temperatures accord- 
ing to the handbook. Derive the equation for the temperature de- 
pendence of the viscosity of benzene using the least squares method. 

19. Determine the heat of evaporation of sulphuryl chloride SO,Cl, 
at the normal boiling point. Find the necessary data in the handbook. 

20. Derive the equation for the temperature dependence of the 
heat of evaporation of TiCl,, applicable within the temperature range 
from 298 to 400 K. Ignore the dependence of AH on pressure. Find 
the necessary data in the handbook. 

21. The heat of formation of naphthalene in the solid and ideal 
gaseous states at 298 K is, respectively, 78.073 and 150.959 kJ/mole. 
The heat capacities Cp of solid and gaseous naphthalene at 298 K 
are 693.289 and 132.549 J mole“! K~', respectively. Determine the 
heat of sublimation of naphthalene at 340 K and the change in en- 
tropy at the same temperature. 

22. Proceeding from the data given in the handbook, determine the 
lattice energy of I, at 298 K. 

23. Determine the lattice energy of diphenyl C,.H,, at 298 K 
if the heat of its formation in the gaseous state is 182.09 kJ/mole. 
The other necessary data can be found in the handbook. 

24. Determine the lattice energy of potassium at 298 K. Find the 
necessary data in the handbooks. 

25. Determine the lattice energy of KBr at 298 K, AH, yi xn = 
89.998 kJ/mole. Find the necessary data in the handbook. 


1i* 
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Multivariant Problems 


{. Calculate the electric dipole moment of substance A proceeding 
from the polarization at infinite dilution in a nonpolar solvent at 
several temperatures according to the handbook. Calculate the molar 
refraction, proceeding from the density and refractive index at a 
particular temperature, and determine approximately the electric 
dipole moment from the polarization at infinite dilution and molar 
refraction at a particular temperature. 


Variant Substance A Variant Substance A Variant Substance A 
{ CHCl, 10 CH,OCH, 18 C,H,OC,H, 
2 C.H,OH 11 C,H,OC,H, 19 CyH,Br 
3 CH,COCH, 12 CyH,Br 20 C,H,Cl 
4 C,H,0C,H; 13 C,H,Cl 24 C,H,NO, 
5 C.H,Br 14 C,H,NO, 22 CHC), 
6 C,H,Cl 15 CHCl, 23 C,H,OH 
7 CsH;NO. 16 C.H,OH 24 CH,COCH, 
8 CHCl, 17 CH,COCH; 25 C,H,OC,H, 
) C,H,OH 


2. At 293 K, the density of an a% solution of substance A in sol- 
vent B is d, and the refractive index of the solution is n. Calculate 
the molar refraction of substance A if the density of solvent B at 
293 K is dy and its refractive index at the same temperature is 7. 


Variant a, % A B dx10-3, kg/m3 n 
1 20 HC) CH,OH 0.915 1.374 
2 31 HCl H,O 1.457 1.407 
3 30 H,SO, H,O 4.220 1.370 
4 40 HClO, H,O 4.293 1.367 
9) 17 LiBr H,O 1.129 1.362 
6 30 LiCl H,O 1.174 1.414 
7 24.9 NaCl H,O 1.187 1.377 
8 12.5 | Na,SO, H,O 1.416 1.352 
9 9 K.SO, HO 1.075 1.345 
10 50 SnCl, CH,COOC,H, 1.487 1.476 
11 4 CO(NHe)> H,O 4.121 1.400 
{2 90 C.H,Brz C,H,OH 4.866 4.503 
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ax1073, kg/m3 


13 22 CC],COOLi | H,O 1.128 1.365 
14 29 CH,COOH H,0 1.038 1.353 
15 50 CH,COOH CoH, 0.947 1.434 
16 50 CH,COCH, | C,H, 0.839 1.428 
17 45 CC1],COOH H,O 1.255 1.395 
18 42 CC1,COONa | H,O 1.295 1.397 
19 52 SCNC,H, C,H,,NH 1.075 1.580 
20 25 SCNCH; o-C,H,(CH3)e 0.968 4.5541 
24 40 C;H,)NH SCNC,H, 1.085 4.582 
22 37 C,H,SO,H HO 1.135 1.406 
23 66 C,H,NH, C,H,OH 0.959 1.516 
24 3.6 C,H,COOH C,H,CHs 0.856 1.493 
25 44 CiaH.2011 H,0 1.194 1.406 
The refractive index and density of solvent B are as follows: 
Solvent B gs ts ee ur) Solvent B ge nO 
H.O 1.000 | 1.333] SCNC,H; 1.019 4.530 
CH,0H 0.805 1.329] C,HyyNH 0.863 1.461 
C,H,OH 0.808 {4.3641 C,H. 0.885 1.504 
CH,COOC,H, 0.903 |4.375| C.H,CH, 0.867 1.497 
CH,CH,CH,OH 0.807 |41.386|| o-CgH,(CH,)s 0.884 1.505 


3. Calculate the parachor of substance A proceeding from known 
surface tension and density at temperature 7. Compare the result 
with the value obtained following the additivity rule. See the ap- 
pendix or handbook. 


Variant Substance A Fe oe sr fos" T, K 
| CHC], 27 .28 1.489 293 
2 CH,CHO 21.2 0.783 293 
3 CICH,CH,0H 42.2 1.243 293 
4 CH,CH,0H 22.75 0.789 293 
5 CH,COCH, 23.7 0.794 293 
6 CH,COOCH, 24.6 0.924 293 
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Variant Substance A ee il hee T, K 
7 CH,;CH,CH,OH 23.78 0.804 293 
8 CH,COOC,H, 23.9 0.904 293 
9 C,H,OC,H,; 16.6 0.708 298 

10 CH,COC,H; 24.6 0.810 293 
11 CeHe 28.89 0.879 293 
12 n-CgHi, 18.43 0.659 293 
13 n-C,H1,0H 21.6 0.815 293 
14 C.H,Br 36 .34 1.508 283 
15 C,H,Cl 33.2 1.107 293 
16 CsH,NH, 42.9 1.022 293 
17 C,H,Cug 39.8 0.885 213 
18 CH,COC,H,; 38.7 1.033 288 
19 CsH,CH,CHs 29.2 0.867 293 
20) C,H.N 45.0 1.095 293 
21 CH,OHCH,OH 46.1 1.109 293 
22 CH.(CH2),CH, 24.95 0.779 293 
23 C,H,CH(CHs), 28 .20 0.862 293 
24 (CH,),C — CH(CH)(CH2)eCH, 31.27 0.894 293 
20 C,H,COOCCH, 37.3 1.088 293 
CHAPTER 11 


Phase Equilibrium of One-Component Systems 


Basic Equations and Symbols 


The phase equilibrium conditions are given by the following formu- 


las: 
ue = pe (14.4) 
R=fi (14.2) 
in which py and uf are the chemical potentials of the ith component 
in phases a and 8 which are at equilibrium, while /7 and ft are fuga- 
cities. 

In a heterogeneous system, the relationship between the number of 
degrees of freedom, the number of phases, and the number of com- 
ponents is expressed in terms of Gibbs’ phase rule 

f=C~— Ph 2 (11.3) 


where C is the number of components (C = R —q, R being the 
number of substances and g being the number of independent reac- 
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tions), Ph is the number of phases, and / is the variance of the system 
(the number of thermodynamic degrees of freedom). 

The relationship between the basic thermodynamic parameters of 
a one-component two-phase system in the state of equilibrium is given 
by the Clapeyron-Clausius equation. The differential forms of this 
equation are 


dP _ AHp.c. _ ap 
ar > av? AH)... =T aF AV in (11.4) 
where AH)... is the heat of phase change under conditions of phase 
equilibrium (evaporation, fusion, sublimation, transformation of 
modifications), dP/dT is the temperature coefficient of saturated 
vapour pressure, and AV,, is the difference between the molar vol- 
umes of the phases at equilibrium. 

For equilibria solid = vapour and liquid = vapour in the range 
of temperatures far from critical, provided that V, = RT/P, 


dln P __ AH p.c. . 
qr ~<RT? (11.9) 
Integration of Eq. (11.5) with AH,.,. = const gives 
log P= — 7B. + const (11.6) 
log P=A—B/T (11.7) 
Po _ AHpec. T2—T1 
08 B= SBR Ty (11.8) 


In Eqs. (11.9) and (11.7), AH... is a mean value applicable to the 
temperature range 7,-7.4. 
Trouton’s equation (for nonpolar substances) is 


AHevap _ 
Sp etak, — 24 (11.9) 


where 7',,», is the normal boiling point at a pressure of 1.0132 x 
10° Pa, 
When phases are at equilibrium at the triple point, 


Priq = P3 (11.10) 
where Pjiq and P3 stand for the pressure of the substance’s saturated 
vapour over the liquid and solid phases, respectively. At the triple 
point, the heats of sublimation, fusion, and evaporation are related 
as follows: 

AAgyy, = AHevayp + AA ng (11.11) 


The temperature dependence of the heat of phase change is given 
by the equation 


0 (AHy.c. 
See) = AC yo, =C%—CE (11.12) 
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in which C“ and C® are the heat capacities of the phases « and f 
which are at equilibrium. 
Within a narrow temperature range AC,.,., = const, then 


AHpp.c. = AHy + ACp.c.T (11.13) 
or 
AH r,, p.c. — Alfr,, p.c. =e AC p.c. (T,— L's) (11.14) 


The equation for the temperature dependence of the saturated vapour 
pressure (in the case of solid and liquid phases), derived with due 
account for Eqs. (11.5) and (11.13), takes the form 


log P= — te es ACB eo: log T + const (11.15) 
or 
log P=A—2+DlogT (11.16) 


where Af7, is the integration constant, and A, B, and D are constants. 


Exercises 


1. The density of solid phenol is 1072 kg/m*, that of liquid phenol 
is 1056 kg/m, the heat of its fusion is 1.044 x 10° J/kg, and its freez- 
ing point is 314.2 K. Calculate dP/dT and the melting point of 
phenol at 95.065 x 10°’ Pa. 

Solution. Calculate dP/dT according to the Clapeyron-Clausius 
equation (11.4): 


dP — AR tus 1 1 


aie ot) (ee A dee ame 
aP AONE X10? 29 373 PalK 


dT 314.2x0.014 x 10-3 
r= 4.244x 10-8 K/Pa 


To calculate the melting point at a given external pressure assume 
that d7/dP at pressures ranging from 1.0132 x 10° to 5.065 x 107 Pa 
is a constant quantity equal to 4.214 x 10-° K/Pa. Then, 

a2 Fs 

| a7 = 4.214x 10° | dP 


71 Py, 


and 


T, = 344.2 + 4.214 x 10-8 x 5.065 x 10? = 316.33 K 
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2. Calculate the mean heat of evaporation of CH, at temperatures 
ranging from 88.2 to 113 K, proceeding from the following data: 


T, K 88 .2 92 .2 98 .2 104 .2 112.2 
P X 10-3, Pa 8 13.31 26 .62 O3 .24 101 .3 


Solution. There are two ways to do the calculation: 
(1) using Eq. (11.8) 
& 
AHevap = 2:3X 8.314 455" lo a = 8.62 kJ/mole 


(2) using Eq. (11.7) from which it follows that log P plotted ver- 
sus 1/T gives a straight line (Fig. 14). The heat of evaporation can 


Fig. 14. Log P for saturated CH4 
vapour versus inverse temperature 85 9 10 11 1/T+103 


be defined from the slope of the straight line, which is tana = 
—AH .yap/2.3R. Calculate log P and 1/T proceeding from the 
following data: 


T, K 88 .2 92.2 98.2 104.2 142.2 

P xX 10-3, Pa 8 13 .31 26 .62 03 .24 93 .40 

(4/T) 108 11.37 10.89 10.24 9.62 8.94 

log P 3.903 4.124 4.425 4.726 4.972 
Plot log P versus 1/T, then 


lan @=—- = Sa5i9 
AH, = 432 x 2.3 8.314 — 8.27 kJ/mole 


This result is more reliable than the previous one because it has 
been calculated on the basis of five experiments (the true heat of 
evaporation of methane at the normal boiling point is 8.49 kJ/mole). 

3. Calculate the heat of evaporation of diethy! ether using the 
Clapeyron-Clausius and Trouton’s equations if dP/dT = 3.53 xX 
10? Pa/K at the normal boiling point (307.9 K). Compare the 
result with the value given in the handbook. | 
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Solution. Calculate the heat of evaporation using Eq. (11.5) and 
assuming that the vapours behave as ideal gases and that AV x V,: 


1 


Use Eq. (11.9) to find AA evap: 
AH evap = 307.9 X 21.00 = 6470 cal/mole 


Or 
AH evap = 6470 X 4.187 = 2.72 x 104 J/mole 


According to the handbook, AH, yap = 2.67 x 10* J/mole—that 
is, the deviation from the true value as a result of calculation using 
approximate equations is 5.5%. 

4. The temperature dependence of vapour pressure (mm Hg) in 
the case of liquid metallic zinc is given by the equation 


log P= — 2! 4.2 log T +-12.247 


Calculate the heat of evaporation (AH,,,p) of zinc at the melting 
point (692.7 K). 

Solution. To calculate the heat of evaporation of zinc at 692.7 K 
use Eq. (11.5) transforming it to 


dln P 
AHevap = (3 


—— } RT? 


The equation for the temperature siandesen of the liquid metallic 
zinc vapour pressure takes the form 


In Pm — 88X28 ad In P412.247 x 2.3 


Its differentiation gives 
dinP  6997X2.3 1.2 


qT T? TO 
Calculate A ,yap at 692.7 K: 
AH evap = 6997 X 2.3 * 8.314 — 1.2 K 8.314 x 692.7 
= 126.887 kJ/mole 


J. Che temperature dependence of the saturated formic acid va- 
pour pressure (mm Hg) is given by the equation: 


for the solid phase: log P = 12.486 —2 


for the liquid phase: log P= 7.884 — a 


Calculate the triple point (tr.p.) coordinates. 
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Solution. Since the condition Piiq = Ps applies to phase equilib- 
rium at the triple point, equate the reduced equations and calculate 
Trp. and Pe,.p.: 


12.486 — ae 
tr.p. 


log Ptp.p. == 7-884— gene = 1.302, hence Pr. 
= 20 mm Hg (2.666 x 108 Pa) 


== 7.884 — = , hence 14.) = 282.6K 
r-p- 


6. Calculate the heat of sublimation of metallic zinc if the heat 
of its fusion (AH,,,) at the triple point temperature (692.7 K) is 
6.908 kJ/mole, and the temperature dependence of the heat of evap- 
oration is given by the equation 


AF evap = 133 738.66 — 9.972T (J/mole) 
Solution. According to Eq. (11.11), 
NA gp) ae AH evap an AF rus 


Calculate AH evap: 
AA evap = 133 738.66 — 9.972 x 692.7 = 126.825 kJ/mole 


Calculate AA, n:: 
AA: = 126.825 x 6.908 = 133.73 kJ/mole 


7. Calculate the heat of phase change for a-FeS — B-FeS at 298 K. 
Assume that AC = const at temperatures ranging from Tp... to 


298 K. The mean heat capacity of B-FeS is Cope, = 53.845 J/mole. 
Find the necessary data in the handbook. 
Solution. According to Eq. (14.14), 


AFT p.c., 208 = Ay .¢., Pg AC (298 — Py...) 


T nc. = 441K, C, =54.85I3 mole? K-t 
AC =C,g—C, = 93.84 — 54.85 = —1.005 J mole K-! 
AA y .c., 444 = 4396.35 J/mole 
AFT 9 .c., 298 == 4396.35 — 1.005 (298 — 441) = 4509.9 J/mole 
8. Air is bubbled through methanol and becomes saturated with 
its vapour. After 1 litre of air has been passed through CH,OH, the 
mass of the latter decreased by 0.201 g. The total pressure in the sys- 
tem is invariable and equal to 1.0132 x 10° Pa. Calculate the satu- 


rated methanol vapour pressure at 294.5 K. 
Solution. Write two equations: 


VP=V’ (P—Péu,on); 1X1=V' (4 — Pbs.on) (1) 


172 Problems and Exercises in Physical Chemistry 


and 


MCHSOH __ +4 0 
(jue RT = V'Pcu,0H (2) 
where V is the volume of the air before it was passed through CH,OH» 
V' is the total volume of the air and CH,OH vapour after the air 
has been passed through, P is the pressure of the air before it was 
passed through methanol, P = 1 atm, and (P — Péx,on) is the 
pressure of the air after it has been passed through methanol. 
Divide Eq. (1) by Eq. (2) and solve them for Pty,on: 


(m/M) RT (0.204 /32) 0.082 x 294.4 


ed 


PcH.oH = 1+(m/M)RT ~ 1-+(0.201/32) 0.082 x 294.4 
= 0.1315 atm (4.146 x 104 Pa) 


9. Calculate S(H20, Vv)298 if SH00, 1iq)298 — 69.96 J mole K-71. 

Solution. For the purposes of calculation assume that the process 
of evaporation of liquid water at a pressure of 1.0132 x 10° Pa 
comprises two steps: (a) equilibrium evaporation at a pressure equal 
to that of saturated vapour, AS,,yap, and (b) equilibrium compres- 
sion AS omp of the saturated vapour to a pressure of 1 atm. Then, 


AS =ASeyap + AScomp (1),  Si,0, v= Sn,0, iq + AS (2) 
According to Eqs. (7.14) and (7.9), 


ASevap =—222 , AScomp = — RIn— 


0 
PH,o 


To determine AH,,,, find the heats of water formation for different 
states of aggregation at 298 K in the handbook: 


A Heyap=AHit,0, v—AH %,0,1iq= —241.84— (—-285.84) = 44.00 kJ/mole 


as well as the saturated vapour pressure Py,9 = 3.167 x 10° Pa. 
Substitution of the numerical values and calculations give 


44 000 760 4 Ve 
— 508 — 8.314 2.3 log mon 118.87 J mole"! K“ 


and the absolute entropy of the vapour is 
SH,0, y = 69.96 + 118.87 = 188.83 J mole"! K7! 


10. At 268.2 K, the saturated vapour pressure over solid benzene 
is 2279.8 Pa, and over supercooled (liquid) benzene it is 2639.7 Pa. 
Calculate the change in Gibbs’ energy during solidification of one 
mole of supercooled benzene at the above temperature (assuming 
that the benzene vapour is an ideal gas) and indicate whether the 
process is reversible or not. 

Solution. Since the change in Gibbs’ energy (AG) is independent of 
the path of the process, assume that the solidification process com- 
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prises three steps: (a) reversible evaporation of liquid benzene at 
2639.7 Pa; (b) reversible expansion of the vapour up to 2279.8 Pa; 
and (c) reversible condensation of the vapour into the solid phase. 
Then, 

AG = AG, + AG, + AGs3 


Since the first and third steps proceed at constant P and 7 in a re- 
versible manner, AG, = AG, = 0, and 
AG, = RT \n (P3/Piiq) oF 


AG, = AG = 8.314 x 268.2 x 2.3 log = = — 326.84 J/mole 


The result indicates that the process is irreversible. 

11. The pressure of saturated water vapour at 428.2 K is 54.3 x 
104 Pa and its specific volume is 0.3464 m*/kg. Calculate the fu- 
gacity of water which is at equilibrium with its saturated vapour 
at 428.2 K. 

Solution. According to Eq. (11.2), the fugacity of a liquid equals 
that of its saturated vapour, and since the pressure is relatively low, 
the fugacity of the saturated vapour can be calculated using Eq. (9.15): 


a se Vo 0.3464 (m3/kg) 18.02 
io Pig =P ar = (54.3 x 10# Pa)? 8.315 (J mole! K-!) 428.2 (K) 
= 95.16 x 10° Pa 


Problems 


1. Gan rhombic, monoclinic, liquid, and gaseous sulphur be in the 
state of equilibrium at 386.5 K (phase change temperature)? 

2. Plot a P vs T curve for a substance existing in two solid modi- 
fications Q and A as well as in the liquid and gaseous states. The 
following is known about the phase state of the system: 


Point f, °C P, atm Phases 
| 10 1 Q, R, vapour 
2 30 10 R, liquid, vapour 
3 90 100 QO, R, liquid 


3. The heat of fusion and densities of liquid and salid mercury at 
the triple point temperature (234.29 K) are, respectively, 11.8 x 
10° J/kg, 13690, and 14193 kg/m°. Calculate the pressure at 
which the melting point becomes equal to 239.29 K. 
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4, Use two methods to calculate the heat of evaporation of water 
at 273.2 and 573.2 K, proceeding from the following data: 


Method 1 

T, K 273 .16 573 .16 

vy, litre/g 206 .3 0.0245 

Viiq, cm?/g 4.000 1.400 

aP/dT 0.333 mm Hg/deg 1.201 atm/deg 
Method 2 
T, K 273 .2 274 .2 572.7 574 .3 


Psat: H_O 4.579 mm Hg 4.924 mm Hg 88.14 atm 90.17 atm 


Explain why the results coincide at 273.2 K as opposed to 973.2 K 
when they do not. 

5. Determine the boiling point of chlorobenzene at 266.6 Pa if 
its normal boiling point is 405.4 K and if at 5.332 x 10* Pa it boils 
at 382.2 K. Calculate the heat of evaporation as well as the changes 
in entropy, internal energy, Gibbs’ and Helmholtz’ energies during 
evaporation of one mole of chlorobenzene at the normal boiling point. 

6. Calculate the coefficients A and 8 in the equation log P = 
A — B/T for the temperature dependence of the saturated vapour 
pressure of liquid aluminium. Check the results after having calcu- 
lated the boiling point under normal conditions (T).p, = 2600 K) 
if the aluminium vapour pressure at the following temperatures is 
known: 

T,K 1784 1974 2093 2237 
P, Pa 89.3 1333 3972 1.344 x 104 


7. Calculate the amount of heat necessary for heating 1 kg of TiC], 
from 298 to 423 K. Find the necessary heat capacity values in the 
handbook. The temperature dependence of vapour pressure (Pa) 
over liquid TiC], is expressed by the equation 


log P = 8.56 — 1450/T 
8. Calculate the heat of evaporation of chlorine at P = 0.1013 MPa 


if the equation of the temperature dependence of the saturated va- 
pour pressure (Pa) over liquid chlorine takes the followiug form: 


P = 3.58 x 10° — 3.37 x 1047 + 80.117" 


9. The temperature dependence of the saturated vapour pressure 
(Pa) for freon CCI,F,:‘is given by the equation 


log P = 34.52" _ 9.26 log T +. 0.0037 T 


Determine the saturated vapour pressure, the heat of evaporation, 
and the changes in entropy, Gibbs’ energy, and AC,.,, during evap- 
oration of one mole of freon at 298 K. 
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10. Define the coordinates of the triple point (P and TY) for 1,4- 
dioxane C,H,O,, the heats of its sublimation, evaporation and fusion 
at that point if 

Solid state Liquid state 
T, K 260.35 272 298.16 307.0 
P,mm Hg 4.418 10 44.55 60 


11. Calculate the melting point, the saturated vapour pressure at 
the melting point, and the heat of fusion of silver, proceeding from 
the temperature dependence of the saturated vapour pressure (Pa), 
if 

log P = 13.892 — 1.402 x 10*/T for solid silver 


and 


log P = 13.347 — 1.334 x 10*/T for liquid silver 


12. Determine the molecular weight of the acetic acid vapour from 
the temperature dependence of the saturated vapour pressure and 
the specific heat of evaporation AH .,ap = 406.83 J/g, found colo- 
rimetrically: 

Ta K 363 383 403 
P, mm Hg 293 583 1040 


13. Calculate the difference between the water vapour and ice 
pressures at 272 K. The heat of fusion of ice is 334 J/g, Pie = 
Pwater = 610.48 Pa at 273.16 K. | 

{4*. The boiling point of benzene at 0.1013 MPa is 353.3 K. Cal- 
culate the pressure at the triple point temperature (278.66 K) using 
Trouton’s equation with the following assumptions: the heat of 
evaporation is independent of temperature, and the heat of evapo- 
ration is dependent on temperature but 


AC = Cy — Cyq = const, Cy = 81.67 J mole K~ 
Cisq = 136 J mole? K~ (at 218.73 K and 4.812 x 108 Pa) 


{5*. The saturated vapour pressure of a substance is 12 x 10% Pa 
at 408 K. At what temperature will its sublimation take place if 
the pressure in the system is maintained at 2.666 x 10° Pa? The 
calculation may be based on Trouton’s equation and the assumption 
that the heat of evaporation is constant. 

16. Calculate AH.,y,y of thallium chloride at the triple point tem- 
perature (704 K). Find the necessary data in the handbook. The heat 
of fusion AH,,, of TIC] at 704 K is 15.564 kJ/mole. 

{7. The relationship between the heat of fusion of potassium and 
pressure (atm) according to Bridgman is given by the equation 


T = 335.65 + 4.56 x 10-°P — 6.786 x 10-7P? 4+ 1.55 
x 10-4 Ps 
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Determine the melting point and the heat of fusion at pressures of 
1.6 and 12000 atm if AV = 0.0268 — 0.000174 (T — 335.65). 

18. Calculate the fugacity of liquid ammonia at 362 K. Use the 
data in the handbook. 

19. Calculate the fugacity of liquid ammonia at 238 K. The satu- 
rated ammonia vapour pressure is P,,, = 0.99 atm. The specific 
vapour volume is v = 1.215 litre/g. 

20. The melting of white phosphorus is characterized by the fol- 
lowing melting points and changes in volume as a function of pres- 
sure: 


P, atm { 1000 2000 3000 4000 
TC AA 2 73.8 104.0 126.8 154.3 
AV, mi/kg 19.3 17.9 16.6 15.4 14.2 


Calculate AH, by plotting the experimental data at P = 2500 atm. 
May the result be considered constant at pressures ranging from 1 
to 2500 atm if (AH;,,) pm, == 648.52 J? 

21. Determine the amount of heat required for the isobaric heating 
of 1 kg of hexane from ¢, = 20 °C to t, = 100 °C. The heat capacity 
of hexane is independent of pressure. Use the following data for 
the calculation: 


(Cp)ec,, (J/g) = 2.07317 + 3.9170 x 1073 
(C p)é,u,, (J/g) = 1.2254+ 4.5655 x 1073 


log P (mm Hg) = 7.1584 yg 


22. The temperature dependence of the hydrogen vapour pressure 
between 1 atm and. P,, is given by the following equation: 


P= ae + 3.8015 —0.104587 +- 0.003321772 + 0.04321973 


At T = 27.47 K, AH gyap = 375.3466 kJ/kg; d* = 0.00613 kg/litre. 
and d'? = 0.06050 kg/litre. Are these data mutually consistent? 
23. The temperature dependence of the nicotine (C,,H,,N.) vapour 
pressure is characterized by the following parameters: 
t, °C 170 185 190 200 209 224 228 
P,mm Hg 100 160 180 240 300 400 = 500 


Plot P as a function of ¢ and determine AH .yap and AS eyap at 200 °C. 
24. Given the reduced temperature dependence of the liquid bis- 

muth vapour pressure 

z, °C 470 545 979 080 610 630 705 

P,mm Hg 0.03158 0.03521 0.00492 0.00502 0.01203 0.0204 0.0832 


derive the linear equation for log P = f (1/T) (by the mean value 
method) and calculate Af. yap. 
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25. What is the amount of air to be passed through carbon disul- 
phide at 720 mm Hg and 313.2 K in order to extract 30 g of the latter 
if AH eyap of carbon disulphide is 355.765 J/g at Ty», = 319.7 K? 

26. The liquid bromine vapour pressure varies with temperature 
as 

2210 


log P (mm Hg) = ier eae 4.08 log T +- 19.82 


Derive the equation for the temperature dependence of the heat of 
evaporation of bromine and calculate the change in entropy during 
evaporation of one mole of bromine at the boiling point (331.2 K). 

27. The molar heat of evaporation of carbon tetrachloride varies 
with temperature as AH = 10 960 — 10.537. Determine the satu- 
rated vapour pressure of CCl, at 333.2 K if the boiling point of CCl, 
at 1 atm is 348.2 K. 

28. The temperature dependence of the ethyl ether vapour pres- 
sure is characterized by the following values: 


t, °C —10 0 10 20 30 
P,mm Hg 114.8 184.4 286.8 432.8 634.3 


Plot log P versus 1/T and use the resulting curve to determine the 
molar heat of evaporation of the ether and its normal boiling point. 
29. The temperature dependence of the chloroform vapour pres- 
sure is characterized by the following values: 
t, °C 20 30 £40 ~»#50 60 
P,mm Hg 164 £248 369 £5385 755 


Plot P as a function of 7 and calculate the heat of evaporation of 
chloroform at 40 °C. 

30. The temperature dependence of the saturated aluminium va- 
pour pressure is characterized by the following values: 


T, K 1734 1974 2093 2237 
P, mm Hg Q .67 10 .00 29 .8 100 .6 


Using the log P versus 1/T plot, calculate the boiling point of alu- 
minium at 560 mm Hg and derive the linear equation for log P 
as a function of 1/T. 

31. Air is saturated with water vapour at 25 °C. At what temper- 
ature will the relative humidity of air, at an invariable water va- 
pour content, be equal to 80% if the water vapour pressure at 25°C 
is 23.76 mm Hg and the specific heat of water evaporation is 
—280 090.8 J/g? 


Multivariant Problems 


1. Given the temperature dependence of the saturated vapour pres- 
sure and the density of substance A with molecular weight M in 
the solid and liquid states (d, and d,,, in kg/m*) at the triple point 


12—0878 
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= Solid state Liquid state 
= Conditions 
= T, K P, Pa T, K P, Pa 
268 .2 | 401.2 269 .2 505 M=18 
269.2 437.2 212.2 533.2 P= 40.5x105 Pa 
270.2 475.9 21ove 973 
{ 274 .2 517.2 275.2 656 d,— 918 
272.2 533.3 218.2 760 
283 .2 982 d1iq = 1000 
288 .2 1 600 
248 .0 7 998 260.0 23 327 M=27 
254.4 13 300 265.0 27 190 P= 80010 Pa 
2 258.0 17 995 270.0 31 860 dg = 718 
259.0 | 19995 278.0 40290 | dyjq = 709 
2.60.0 23 327 282.0 47 990 
| 
55 1 333 60.0 12 663 M = 28 
58 3 999 64.0 47 329 P=900105 Pa 
P 59.2 11 997 66.0 22 394 ds = 1026 
‘ 63 14 663 67.8 | 27993 | djq=808 
64 17 329 69.0 31 992 
71.0 39 990 
100 4132 105 17 329 M = 30 
104 8 531 112 29 653 P—900105 Pa 
107 14 663 114 34 738 dg=1272 
41 4099 19 995 145 38 657 
410.5 | 25367 116 46435 | dyq = 1260 
112 29 653 117 23 053 
229.2 433.3 273.2 4786 M= 32 
248 .0 694.5 282.5 6 665 P = 300105 Pa 
207.0 4 333 298.2 12 697 d, = 837 
S} 967.2 2 966 306.7 16 396 
273.2 4786 312.5 18 929 dyig = 825 
316.5 21 328 
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(Table continued) 


= Solid state Liquid state 
~ Conditions 
= T, K P, Pa T, K P, Pa 
173 7 330 190 31192 |M=~=34 
178 14 600 196 38 657 | P=450105 Pa 
6 183 16795 200 46655 | dg=1010 
184 19 995 207 909 986 | d11q = 980 
190 3o1 192 219 69 476 
221 77 314 
496 404 325 2A2 592 751 | M=44 
203 190 491 220 648 480 | P=750x«10° Pa 
7 243 402 360 223 674824 |dg=1542 
220 648 480 239 1005 114 | diyq = 1510 
241 1 065 237 
242 1 131 722 
276.6 { 413 270.2 1826 | M=46 
278.2 1 706 279.2 2082 | P=950«10® Pa 
279.2 1 879 281 .4 2372 |dg=1240 
8} 280.2 | 2066 283.2 2626 | dijq = 1290 
284 .4 2 372 280.2 2 932 
288 .7 3279 
230 | 26 260 236 63315 | M=52 
233 31 458 246 78 647 | P=350x105 Pa 
237 39 990 248 83 979 | ds = 3010 
9° 240 49 997 249 86645 |d lig = 2995 
243 09 018 202.5 96 942 
245 66 650 2093.5 100 508 
249 86 645 
1758.2 22.66 1832 187 | M=—52.5 
1788.2 63.98 1873.2 300 | P=500x105 Pa 
1 810.2 99.97 1905 387 | ds = 6800 
10 1 835.2 115.99 1938 486 | ditqg = 6750 
1 873.2 300 .00 1956 s¥ fs} 
1991 800 
2040 973 
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(Table continued) 
= Solid state Liquid state 
= Conditions 
Ks T, K P, Pa T,K P, Pa 
242.4 1 333 293 26 660 M=58 
202.4 2 666 303 of 724 P=700X105 Pa 
11 263.8 5) 332 308 46 188 dg == 822 
271.2 7 998 311 o1 720 djjq = 812 
280 .9 13 330 313 06 186 
293.0 26 660 316 63 317 
183.2 303-3 201 4665.5 |M=64 
188.0 586.5 203.7 2 30D P =1000*105 Pa 
196 .2 1 850 - 214 7 198 d, = 1600 
12] 499.2 3 000 216 7998 | dytq = 1560 
203.7 9 305 230 .2 13 328 
244 .0 21 728 
131 1 333 137 6 665 M = 68 
135 1 999.5 141 7 331. P=300X105 Pa 
137 2 666 145 8 664. ds = 1450. 
13 139.2 3 999 146 9 997 dyjy = 1434 
141.5 5 332 149 12 663 
144.0 7 998 151.4 15 996 | 
146 9 997.5 
273.2 3 269.8 274.2 3 730 M=78 
274.2 3 465.8 215.2 4 000 P=900X105 Pa 
44 276.2 3 932.3 276.2 4160 d, = 893 
277.2 4305.6 218.2 4330 djiq = 890 
218.2 4530 283 .2 6 050 
290.2 8 930 
177.3 15 996 180 26 660 M=81 
180 19 995 185.5 32 992 P= 300X105 Pa 
15 182 23 994 188 37 057 d, = 1626 
184 28 659 191 43 456 djyq = 1610 
185.5 32 992 494 51 987 
196.8 59 985 
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(Table continued) 


er PP A CE 


= Solid state Liquid state 
= Conditions 
> T, K P, Pa T,K P, Pa 
99 10 675 111 63 984 M = 83.5 
101.9 13 995 115.5 68 649 P=800x10° Pa 
16 403 17 330 117 72 782 ds = 3330 
104.5 19 995 118 77 980 dyig = 2150 
107.2 26 660 119 8&2 646 
115.5 68 649 119.6 87 711 
272.9 3 332.5 279.7 4878.8 |M=84 
273.4 3999.1 280.2 5598.6 |P=120x«105 Pa 
47 270.7 4 065.6 281 .7 5798.6 |ds=796 
277.2 4 398.9 283.3 6198.6 | dj4qg = 788 
279.2 3 060.4 285.2 6 931.6 
281.7 2 798.6 287 .5 7 731.4 
353.2 ‘39.99 363 .2 186.6 | M=122 
363.2 79.98 393 .2 679.8 | P=850x105 Pa 
18 373.2 186.6 395.2 733.1 | dg== 1105 
383 .2 393.2 400.7 973 .1 dyiq = 1095 
393.2 679.8 403.7 1133 
408.7 1 399.6 
205.2 16 796 219.2 a0 319 M = 127.5 
208 19 195 224.2 99 985 P=500x10° Pa 
209.2 22 662 226.7 66 650 dg = 2970 
19 213.2 29 8959 229.2 75 981 djtg = 2850 
216.4 30 994 231.2 83 979 
220 .0 49 988 323.7 87 975 
224.2 09 985 
334.6 266 .6 248 .2 { 046 M= 127.5 
JOS «4 302.2 303.7 1266.3 |P=180x10° Pa 
20 343.2 933.2 308 .2 1 399 dg = 1145 
348.2 733.14 363.8 1 666 d\iq = 982 
353.2 1039.7 368 .8 4 066 
303.7 1 266.3 373.8 2 466 
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(Table concluded) 


= Solid state | Liquid state 
= Conditions 
> T, K | P, Pa T, K | P, Pa 
423.5 23 994 446 4 47000 | M=152 
433.2 31 325 448 .2 47454 | P=600X10° Pa 
of 437.7 35 324 451.2 49987 | 4s=985 
444 .2 39 323 460 55986 = | @11qg = 977 
444.2 43 322 470 63 317 
448 .2 47 454 480 71 345 
223.2 133.3 244.2 1200 |M=154 
237 .2 466.5 253.2 {319 |P=60.8x105 Pa 
22) 246.2 799.8 270.4 2465 |ds—1680 
252.2 { 243 282.5 3865 | dy1q== 1650 
253 .2 1 319 285.7 4398 
418.0 133.3 490.5 0 332 M=174 
446.5 667 .0 004.8 8 020 P = 22010° Pa 
460.2 1 333.0 523.0 13300 |dg=954 
23} 4 9 2 666.0 552.0 26660 | dyq = 948 
490.5 9 332.0 583 .2 03 320 
612.0 101 308 
377 .2 7 064 373.2 10662 !M=254 
381.2 8534 388.2 12397 | P=220x10® Pa 
o,| 383.2 9 334 392.2 13997 |ds=3 960 
386 .2 10 397 393.2 14796 | dig = 3. 900 
389.7 11 997 397.2 16 929 
392.2 13 997 404 .2 19 462 


(tr.p.): (1) plot log P as a function of 1/7; (2) determine the triple 
point coordinates on the plot; (3) calculate the mean heats of evap- 
oration and sublimation; (4) plot the temperature dependence of 
the saturated vapour pressure; (5) determine the heat of fusion of 
the substance at the triple point temperature; (6) calculate d7/dP 
for the melting process at the triple point temperature; (7) calculate 
the melting point of the substance at pressure P, Pa; (8) calculate 
the changes in entropy, Gibbs’ and Helmholtz’ energies, enthalpy, 
and internal energy during sublimation of one mole of the substance 
at the triple point: (9) determine the number of thermodynamic de- 
grees of freedom at the following temperatures and pressures: (a) 
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ler.p.> ne (b) Tete P= 1 atm, and (c) Tien eee Find the 
necessary values in the table on pp. 178-182. 

2. The following parameters are known for substance A: the heat 
of evaporation, the heat of sublimation, and the densities of the 
solid and liquid phases, d, and d,,,, at the triple point temperature 
Tir.p.. Proceeding from these data: (41) calculate the boiling point of 
substance A using Trouton’s equation; (2) derive the equation log P),~= 


= 4+. 6, where a and 0 are constants for the liquid == vapour equi- 


librium; (3) use the derived equation to calculate the saturated va- 
pour pressure of substance A at the triple point; (4) derive the equa- 


tion log P; = a4 b’ for the solid phase = vapour equilibrium; 


(5) calculate dP/dT for the solid phase = liquid equilibrium; and 
(6) plot the equilibrium pressure as a function of the phase change 
temperature for the three phase states at pressures ranging from 0 
to 1.013 x 10° Pa. In this pressure range, the temperature depend- 
ence of pressure for the solid phase = liquid phase equilibrium is a 
straight line on the plot; that is, dP/dT = const. 


Heat of | Heat of 
Variant Substance A T, K “fon. “tion a, areal “Ate ne 3, 

J/mole J/mole 
1} 42) 23 | Zn 692.6 42.14 12.84 6.914 6.920 
2] 13]; 24] Cu 1306.1 32.09 33.39 8.41 8.37 
3] 14] 25] Ag 1234.1 20.04 26.67 9.68 9.32 
4] 45 K 336.69 8.77 8.99 0.851 0.830 
Oo | 16 Bi 644.19 17.42 18.30 9.35 10.24 
6 | 47 He 234.35 | 6.45 6.68 | 14.49 ] 13.69 
7+ 18 KF 1159.1 18.04 20 .68 2.43 1.914 
8 | 19 I, 386.7 4.53 6.08 4.82 3.97 
9] 20 Br. 266 3.22 4.27 3.14 2.93 
140! 214 NH, 199.15 2.44 3.18 0.84 0.664 
41 | 22 CH,COOH 206.4 2.97 4.12 1.266 1.053 


3. Substance A evaporates at temperature 7. Calculate the specific 
heat of evaporation at this temperature. Write the equation for the 
temperature dependence of the heat of evaporation of substance A. 
Find the heat capacities of the saturated vapour in the liquid in the 
handbook, assuming that they are constant in the given temperature 
range. The heats of evaporation at the normal boiling point are 
given in the table on p. 184. 
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AH t 


a 
T ; evap 
Variant Substance A ve 


n.b’ id 
kJ/mole ~ 


1 11 | TiC), 409 39.79 309 | 460 
2 12 | HNO, 307 38.2 300 | 400 
3 13 | Brg 334.5 29.6 270 | 400 
4 14 | HO 373.2 40.7 300 | 450 
3) 15 | CS, 319.5 26.8 290 | 370 
6 16 | CCl, 350 30.0 | 300 | 400 
7 17 | Hg 630 09.3 556 | 700 
8 18 | CH.Oe, formic acid 373.6 22.3 320 | 400 
9 19 } CH,O, methanol 338 35.3 300 | 400 
10 20 | CegH,O., acetic acid 391 45.0 320 | 450 
11 21 | C,H,O, ethanol 351.5 39.5 300 | 400 
12 22 | C3H,O, acetone 329.3 98 .3 280 } 370 
13 23 | CgH,, benzene 303.2 30.8 300 | 400 
14 24 | C,H,, toluene 384 33.2 320 | 450 
25 | n-CgH,,, hexane 342 28.9 290 


4. Dry air occupying volume V at temperature 7, and pressure P 
has been passed over substance A at temperature 7, and become sat- 
urated with the vapour of this substance. What will the change in 
the mass of the substance be after having passed the air over it? 
The vapour pressure of substance A at 7, has been taken from the 
tables in the handbook. Remember that the total pressure in the 
system remains invariable throughout the process and equa! to P 
(use the table on p.185). 

o*. During dispersion in dry air at temperature 7’, substance A 
evaporated, formed saturated vapour at an invariable total pres- 
sure of 1 atm, and cooled the air. By how many degrees has the air 
temperature gone down? Assume for the purposes of the calculation 
that in the temperature range under consideration: (1) N., Og, and 


T, K | Substance A T, K | Substance A Substance A 


Variant 
Variant 
Variant 


4 303 H,O 3 288 CH,0s3, 5 293 C,H,0, 
formic diethyl 
acid ether 

2 298 CCl, 4 283 CH,0O, 6 308 C,H,0, 


methanol acetone 
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the vapour of A are ideal gases; (2) the heat capacity of N,, O,, and 
the vapour of A is constant; and (3) calculate the heat of evaporation 
of A using the tabulated temperature dependence of the saturated 
vapour pressure. 

The problem is to be solved graphically, the answer to variant 
1 being AT = —19 +1 K. 


CHAPTER 12 


Thermodynamic Characteristics of Solutions 
and Processes of Their Formation 


Basic Equations and Symbols 


The concentrations of two-component solutions can be expressed in 
a number of ways: 
in terms of weight ratio, 


Ww; — m,/m (12.1) 
where m; is the weight of the ith component in the solution, and m 


is the weight of the solution; 
in terms of weight percentage, 


w; X 100 = m; x 100/m 
in terms of molar ratio, 
rj = n/n (12.2) 


where n, is the number of moles of solvent, and n, is the number of 
moles of solute; 
in terms of molar fraction, 


ty = Nj!(m, + Ng) (12.3) 
and in terms of mole percentage, 
_ ny x100 
LyX 100 ee 
Molality m is the number of moles (n,) of solute per 1000 g of solvent. 
Molarity c is the number of moles (n,) of solute per litre of solution. 


The mean molecular weight Mf of a solution is calculated using 
the equation 


= 


M — uM, + roM, (12.4) 
The partial molar quantities L; are.determined from the equation 


i ( -otal (12.5) 


On; — 
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in which Lota) is the total (mean) extensive property of the solution, 
and mn; corresponds to m, Mg, Ns, .. +, Mp 

The partial molar quantities may be oe enthalpy, entropy, 
Gibbs’ and Helmholtz’ energies: 


Vi= (Doom, i= (Ge) 
se (= P,T,n, » A= On; P,T.n; 
= as 7m 1 OG 

si= ( On; P,T,n,’ = On; cae Tiny 


where V;, H;, S;, and G; are the partial molar volume, enthalpy, 
entropy, and Gibbs’ energy, respectively. The partial molar Gibbs’ 
energy of the ith component corresponds to its chemical potential: 


The temperature derivative of the chemical potential of the ith 
component corresponds to its partial molar entropy: 


s=—(4), da. 


where w is the chemical potential. 
The partial molar displacement functions AZ? (relative partial 
molar quantities) are determined as follows: 


4 i FO By (12.8) 


where L; is the extensive function Z of the ith component in the 
standard state. The partial molar functions of mixing include 


AV? = V, — Vi, AH™ = H; — Hi, 

AST = S,; — Sj, AG? = G, —G 
where AH™ is the enthalpy of mixing of the ith component, also 
referred to as the differential heat of solution. Gibbs’ energy of mix- 
ing is 

AGT = Api = wi — Bi (12.9) 
where pj; is the chemical potential of the ith component in the stan- 
dard state, and the entropy of mixing is 


Asp = — (Hi) | (12.10) 


The ratio between the partial molar quantities is given by the 
Gibbs-Duhem equations: 


Litotay = Lym + Lgny (12.14) 
L=—total Te, + Lot, (12.12) 
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— OL 

on fo (== } pr (12.13) 
= OL 
Tp=L+() ong, (1 — 2») (12.14) 
ALT= ALT n, + ALG ne (12.15) 
where AL™, is the integral function of mixing; 
ALint a. in 
ae. = AL" — ALT a, +- ALS Xo (42.16) 
aAL™ ‘ 

(_ _— =AL' (12.17) 


For example, the equations for the entropy and heat of mixing take 
the form 
St ra ra 
tng 9 = Sir, + S22 
AAT, = nAHT + n,AH? 


where AH™ is the integral enthalpy of mixing (integral heat of so- 
lution or relative integral enthalpy); 


AH? = (2 ert (12.18) 


an; 
AHS =AHz—L, 


where AH™ is the integral heat of solution for a finitely diluted solu- 
tion (calculated by extrapolation), and ie is the partial molar heat 
of dilution from a given concentration to that in the finitely diluted 
solution. 

The apparent molar property ZL of the second component @,, 1s 
determined from the equation 


0 Ltotai— mL; 
Litotar = L141 — NoQz,; = (12.19) 


The properties of ideal solutions are given by Raoult’s equation 
; = Piz,’ (12.20) 


in which P; is the partial saturated vapour pressure of the ith com- 
ponent in the solution, P; is the saturated vapour pressure of the 
pure ith component, and z;% is the molar fraction of the ith com- 
ponent in the liquid phase. 

Accordingly, the functions of mixing of ideal solutions are as 
follows: 


AV? =0, AH™=0, AST = —Rinz, (12.24) 
AG? = Au; = RT Ing; (12.22) 
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and the chemical potential of the ith component of an ideal (per- 
fect) solution is 
ui = pw, + ART Ing; (12.23) 

In the case of nonideal solutions, Raoult’s equation (12.20) does 
not apply because P; ~ P3x;% and the functions of mixing of non- 
ideal solutions are not equal: AV? ~ 0, AH? ~ 0, 


AGT = Au; = RT Ina; (12.24) 
AST = _ ‘_ Rina, (12.25) 


where a; is the activity (effective concentration) of the ith compo- 
nent in the solution. The activity a; is determined from the relation 
a; = f;/f, (at P and P° < 1.0133 x 10° Pa): 

a; => P,/P; (12.26) 


or 
A; = Li; (12.27) 


where f; and f; stand for the fugacities of the ith component in the 
solution and in the standard state, and y; is the rational activity 
coefficient. The chemical potential of the ith component of a non- 
ideal solution is determined as follows: 
pi = pit RT ina; (12.28) 
The activity is temperature-dependent. This dependence is given by 
the equations 


dln a; = (-4%) _ AT 
( oT \ a OT pr. RT? (12.29) 
a; VaT,) AH? (T2—T1) 
log —te). — log —U» —. 12.30 
, Qi(T,) Vi(Ts) 2.3RT oT, ( ) 


The heats of solution, dilution, and mixing of solutions are given 
by the equation 
q = AH? — LAA? (12.31) 


where A/Z?" and AH? are the integral heats of solution for the final 
and initial solutions. The quantities of the solutions are taken into 


consideration in calculations. 


Exercises 


1. Calculate the mole percentage of a 60% aqueous solution of meth- 


anol. 
Solution. According to Eq. (12.3), 


"CH,OH Moy on/“cH,0on 


= 


%cH,0OH T+ "H, =>" cu 08 /“@cu,on Tu, 0/"u,0 
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If the solution is taken in an amount of 100 g, and m, is the weight 
percentage of the ith component in the solution, then 


60/32 _ 
+ CH,OH = —§0/33-+- 40/18 = 0.498 


or the mole percentage of CH,OH will be z100 = 45.8%. 

2. Calculate the molar fraction of HCl in one mole of an aqueous 
solution of HCl. 

Solution. According to Eq. (12.3), 


| Ae ee. Aaa ae 
WHC cl my o/ Myo m-+1000/18 55.59 0.018 


hrHcojp = m= 1, MyH.o = 1000 g, 1000/18 = 00.00 


3. At 293.2 K, the density of a 60% aqueous solution of methanol 
is 0.8946 g/ml. Calculate the volume of one mole of the solution. 
Solution. Calculate the volume of 1 g of the solution: 


1 1 


Calculate the mean molecular weight M of the solution according 
to Eq. (12.4). Determine the molar fraction of CH,OH from the 
equation 

60/32 
TCHsOH  §0732-1 40/18 


and zy.9 = 1 — 0.458 = 0.542. Then, 
M = tcu,0nMcu,on + 2H,0Mu,0 = 0.458 x 32 +. 0.542 x 18 = 24.44 
Calculate the volume of one mole of the solution: 
Vi>\nj =VM 
= 1.118 x 24.41 = 27.29 mi/mole 


= 0.458 


| 
Som 


4. The volume of a solution, as a function of its composition, for 
the H,O-NaCl system is given by the equation 


Vtotal = 00-00V 3,0 + 16.4m + 2.5m? —1.2m3 


in which m is the molality of the solute. Determine the partial and 
apparent molar volumes of a 0.5 M NaCl solution. 
Solution. According to Eq. (12.5), 


V a2 ( OV 
nee a OFNaCl PT .N700 


ny,o= 1000/18 = 55.55 = const, Nac; =m 
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Differentiation of the original equation gives the following expres- 
sion for the partial molar volume: 


OV = 
( jot! } =V, = 16.4+5m— 3.6m? 
Since m = 0.5, then V, = 18.0 ml/mole. 

Determine the apparent molar volume using Eq. (12.19): 


Oy, = (Viotal a Ny oV 1,0)/MNacl 


Use the equation given in the statement of the problem to calculate 
Viota, Which equals 1008.675. Substitution of this value into Eq. 
(12.19) gives 


PV yecy = (1008.675 — 55.55 x 18)/0.5 = 17.35 ml/mole 


5. Calculate, using the intercept method, the partial molar vol- 
umes of water and methanol for a60% methanol solution at 293.2 K. 
The calculation should be based on the following methanol solution 
densities as a function of concentration: 


Alcohol,% 0 20 40 60 80 90 100 
d, g/ml 0.9982 0.9666 0.9345 0.8946 0.8469 0.8202 0.7917 


Solution. Conversion of the weight percentage into weight ratios 
and densities into specific volumes (v = 1/d) gives 


CH,OH, % 0 20 40 60 80 90 100 
Pearse 0 02 04 O6 08 £089 { 
v, ml/g 1.002 41.0385 1.070 1.418 1.481 1.219 14.263 


Plot v = f (Wcn,;on) (Fig. 15). Draw a line tangent to the curve 
at the point corresponding to 60% CH,OH. The intercepts on the X 


and Y axes give the partial specific volumes v;: VoH;on = 1.244 ml/g, 
Vu,o = 0.931 ml/g. Find the partial molar volumes V; from the 
equation V; = V,;™;: 


Vcu,on —= 1.244 32 = 29.8 ml/g 
Vu,o = 0.931 x 18 = 16.78 ml/g 


6. Calculate the relative (AV@z,oH) and apparent (Pv cH.0H) 


partial molar volumes of methanol in an aqueous 60% solution. 
The calculation should be based on the following methanol solu- 
tion densities as a function of concentration: 


CH,OH, % 0 20 40 60 80 90 100 
Wie tied 0 02 O04 O06 O08 #4089 1 
V, ml/g 1.002 1.085 1.070 41.4148 4.481 1.219 1.263 
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Solution. Calculate the relative partial molar volume Vcu,0H 
using the equation 


AV™z,0H = Vcu,on — Veu,0HMcu,0Hn 


To calculate the apparent molar volume PVcH.on USE the equation 
CH30H 7CH.OH 
V 


VS = 27.90 ml/mole 


Qn 


Vit,0 = 18.02 ml/mole, XCHs0H = 0.458, LH.Q = 0.542. Substitu- 


tion of the numbers and calculations give PvcH,on = 39-60 ml/mole. 


v,ml/g 
1.30 


1.20 


0.9 
0 O02 04 06 08 1.0 


“CH,OH» % Fig. 15. Volume of CH,OH solution in 


H,O versus molar fraction 


7. The following are the value of partial molar and apparent 
partial volumes of methanol in its aqueous solutions at 298 K: 


<CH,OH 0.123 0.272 0.458 0.692 0.835 
V/(ny + n,), ml/mole 20.4 23 .3 27 .3 32.7 36 .3 
VcH,0H, ml/mole 37 .8 39 .0 39 .8 40.4 40.4 
Vu,o, ml/mole 18.0 17.5 16.8 15.4 15.0 


?VCH3,0H? ml/mole 37 WAS 37 4 38 .o 39 Zz 39 9 
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What conclusions can be drawn from the above values? 

Solution. The higher the degree of dilution of a solution, the greater 
the difference between the partial molar volumes and the volumes 
of the pure components and the smaller the difference between the 
apparent and partial molar volumes. 

8. Calculate the differential heats of solution of sulphuric acid 
(Qu.so,) and water (Qy,0) for 84.5% solution. Use the concentra- 
tion dependence of the integral heat of solution at 298 K: 


a "HO 0 0.5 { 1.5 2 3 4 6 
“H.SO, 


—AH™, kJ/mole 0 415.73 27.8 35.9 41.45 48.92 53.89 60.23 


T 


Solution. The concentrations are expressed in such a manner that 
the number n, of moles of the solute remains constant, while the 


—~ AH +4184, 
kJ/mole 15 


10 
5 
Fig. 16. Integral heat of solu- 
tion of H,SO, in water versus mo- 
lar ratio between water and acid 0 


number of moles of the solvent varies. The value of AH™ corresponds 
to the heat of formation of a solution containing one mole of H,SO, 
and r moles of water. Therefore, it is advisable to plot, without re- 
sorting to additional conversions, AH™ as a function of r, to find 
AHFs0 by the tangent method, and to calculate AH¥,so, using the 
Gibbs-Duhem equation. Express the concentration of the 84.5% 
solution as the following molar ratio: 


mH,0 =. 15.5X98 _ y 


Plot AH™ = f (r} (Fig. 16). Draw a line tangent to the curve at 
the point corresponding to r = 1. According to the equation AAF,o = 


13—~0878 
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= Lan-O; 


tang = = = a — 4,52 


AH? 6 = Qu,o = — 18.92 kJ/mole 
To calculate Qy,so, use Eq. (12.15): 
AH™ = ny,o@u,0 + nH,s0,0u,s0, 
or 
AH™ =71Qy,0 + 10,80, 
27.8 = 1 (— 18.92) -- 1 (Qu,s0,) 
Ou,so, = — 8.897 kJ/mole 


9. Calculate the differential heats of solution of sulphuric acid 
and water for an 84.5% solution by the intercept method if the con- 
—AH™ 
“AE a ils 
kJ/mole 
4 


0.5 


| XH, SO, 


Fig. 17. Heat of solution of H,SO, in water versus molar fraction of solution 


centration dependence of the integral heat of solution at 298 K is 
given by the following values: 


NH 50 
NH»SO, 
—AH™, kJ/mole 0 15.73 27.8 35.9 44.45 48.92 53.89 60.23 


O 0.5 { 1.5 2 3 4 6 


a 


Solution. When the intercept method is used, concentrations are 
expressed either as molar fractions x or as percentage w;. The inte- 
gral heat of solution is related to one mole of the solution, therefore r 
and AH™ are given in terms of zy,59, = 1/(r + 1) and AH™/(n, + 
no) = AH™zy,s0,. Tabulate the initial data and the calculation 
results as follows: 


r 05 4 1.5 2 3 4 6 
ZH SO, 0.666 0.5 04 0.383 0.25 0.20 0.45 
—AH™, kJ/mole 15.73 27.8 35.9 41.45 48.92 53.89 60.23 


—AH™zy,s0,) kJ/mole 10.47 13.89 13.93 13.80 12.23 10.82 9.03 
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mm 
a tyeso, (Fig. 17). The 
molar ratio of the 84.5% solution is r = 1, and the molar fraction 
Iu4so, is 0.5. Draw a line tangent to the curve at the point corres- 
ponding to 0.5 on the abscissa. The intercept at the ordinate gives 
the values of the differential heats of solution: a—water; b—sulphu- 
Tic acid; AAF,so, = —8.87 kJ/mole, AH#,o = —18.91 kJ/mole. 

10. The volume of a solution as a function of its composition for 
the H,O-NaCl system is given by the equation 


V rota, = 59-D5V .0 + 16.4m + 2.5m2— 1.2m3 


Plot a curve in the coordinates 


in which m is the molality of the solute. Determine the partial and 
apparent molar volumes of 0.5 M NaC). 

Solution. Differentiate the initial equation to derive the following 
equation for the partial molar volume: 


av 7 
—otat = V,=— 16.44 5m— 3.6m? 


Since m = 0.5, then V, = 18.0. Determine the apparent molar vol- 
ume at m = 0.5 using Eq. (12.19): 


PL, = Ltotal— nL 
g Ne 


Use the equation given in the statement of the problem to calcu- 
late Viota, = 1008.675. Substitution of this value into Eq. (12.19) 
gives 

— ee en — 47.35 


11. Determine the partial molar heat capacities of HC] and H,O 
in solutions characterized by the following molar fractions and heat 
capacities: 


LHC] 0.000 0.091 0.130 0.200 0.259 
Heat capacity of a solution con- 75.3 70.9 69.5 lead 82.6 
taining 1 M H,O, J/K 


Solution. First determine the partial molar heat capacities of the 
second component (HCl) because the above heat capacities relate 
to solutions containing a constant amount of the first component 
(H,O0). Thus, the quantities of interest will be the derivatives 
(Fra) 

One! P,T, ny 
13* 


for all solutions. Each of these derivatives can be obtained 
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graphically (Fig. 18) as the slope of theline tangent to the curve 
representing C as a function of z,. Calculate the values of m,, which 
are necessary for plotting the curve, for all solutions using the fol- 


C, Ji” 
79.5 


0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 n, 


Fig. 18. Heat capacity of aqueous HC] solution versus HC] content in the 
solution 


lowing expression for the molar fraction: 


x ae. a 
7 ny Ne 
Since n, = 1, we have n, = z,/x,, and n, = 0.0 
~ 0.094 m 0.130 vn 0.200 
a 0.909 = 0.1, 4 ~~ "0.870 = 0.149, n= 0.800 = 0.200 
FPO D 0.259 — 


Use the plot to determine the derivatives corresponding to the par- 
tial molal heat capacities of HCl: 


Co= ~12.9, Co=—8.2, Cy = —1.5, C3" = 14.5, C3’ =18.6 


To calculate the partial molar heat capacities of water use the equa- 
tion 


C=nC,+n,C, or Cy =C—n,C, 
Ci = 18 © 

Cy = 16.93 + 0.182 x 0.14 = 17.75 

Cy’ = 16.65 + 0.149 xk 1.5 = 16.87 

Cy" = 17.36 — 0.25 K 11.5 = 14.48 

Cw" = 18.75 — 0.39 K 18.6 = 12.24 


J 


! 
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12. Calculate the activity and rational activity coefficient of 
acetone in an aqueous solution of z,, = 0.318, Pg, = 152 mm Hg, 
and P3,. = 229 mm Hg. Estimate the departure of the solution from 
ideal conditions. 

Solution. To calculate the activity use Eq. (42.26): 


dae ~= 152/229 = 0.664 


Calculate the activity coefficient using Eq. (12.27): 
Vac = 0.664/0.318 = 2.09 


Vac >> 1. The departures from Raoult’s law are positive. 

13. Calculate the chemical potential and its change during dis- 
solution of acetone in water if x4, = 0.318, P,, = 192 mm Hg, and 
Pic = 229 mm Hg. Find the necessary data in the handbook. 

Solution. To calculate the change in chemical potential during 
dissolution we use Eq. (12.9): 


Avac = Pac — Pac = RT In ay, 
= 8.31 X 2.3 x 298 log 0.664 = 1.013 kJ/mole 


Since ac = AGac, use Eq. (7.37) to calculate AG;,, the necessary 
data finding in the handbook. Accordingly, AGg, = —155.50 kJ/mole, 
and Eq. (12.9) gives 


ao = —159.00 — 1.01 = —156.51 kJ/mole 
14. The temperature dependence of the saturated vapour pressure 


(Pa) of pure silver and silver over a solid Ag-Au solution with 30% 
mol. Ag is given by the equations: 


log P? = — 02" + 12.805 
log P= ~~" + 41.118 


Derive the equations for the temperature dependence of the re- 
lative chemical potential of silver in a 30% Ag-Au solution. 
Solution. As follows from Eqs. (12.9), (12.26), and (12.28), 


ApAg = Pag — Pag» Ap = RT2.3 log Pag — RT2.3 log Pho 
Substitution of these values into the equation log P = f (7) gives 
15 250 


Pag— By = RT2.3(— "+ 11.418 + “ _ 12.805) 


R=8.314J molet Kt, and pwag—pig = 21 024— 32.26T 


15. Calculate the relative partial molar entropy of silver (AS%,) 
for an Ag-Au solution with 30% mol. Ag if the temperature depen- 
dence of the saturated vapour pressure (Pa) of pure silver and silver 
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over the solid solution is given by the equations: 


log P? = —-2>" 4 12.805 


log P= —22" 411.118 
Solution. To determine the partial molar entropy of silver use the 
equation 


OAM A 
ASR, = (—-—fae) 
S OT P,X py 


But first find the derivative (SF) by differentiating the 
Ag 


equation Apa, = f (7), 
( ga == — 32.26 J/mole, ASR, = 32.26 J/mole 


OT PX ap 


16. Calculate the relative partial molar entropy of water (AS¥,o0) 
for an 84.5% solution of sulphuric acid at 25 °C. The saturated water 
vapour pressures over water and over the solution are 3.167 x 10° 
and 5.198 Pa, respectively. 

Solution. To calculate the relative partial molar entropy of water 
use Eq. (12.25). Use Eq. (12.26) to calculate its activity; AH#,o = 
—18.912 kJ/mole. Substitute the numbers into Eq. (12.25): 


m 18.912 9.198 ~~ Wwe 
AS#,o = aoa 508 —2.3 8.314 log 3167x103 — 10.22 J mole! K~! 
17. Calculate the heat of solution (@,,,) of 40 g H,SO, in 160 ¢g 
H,0O. Use the concentration dependence of the integral heats from 
the handbook. 
Solution. The dissolution can be written as 


n; (H,O)-+ n, (H,SO,) = solution 


To calculate the heat of solution use Eq. (12.31): ¢,,, = AH™n, 
(the heats of solution of pure substances equal zero), where AH™ 
is the integral heat of solution, related to one mole of sulphuric acid. 
Find the value of AH™ in the handbook. Since the concentrations 
are expressed in the handbook as molar ratios r, then 


r= my 0M y,s0,/(Mu,0'"y,s0,) = 160 x 98/(18 * 40) = 21.77 


Given the value of r, find the integral heat of solution in the hand- 
book. It equals —71.71 kJ/mole. Next, determine the number of 
moles of H,SQ,: 


Ny = My,50,/M = 40/98 = 0.408 
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and calculate go: 
Geo) = 0.408 (—71.71) = —29.25 kJ 


18. Determine the heat of dilution (gq) of a 30.8% NaQH _ so- 
lution to 0.443%. 

Solution. If the amounts of the solution are not stated in the 
problem, the calculation is based on one mole of the solute accord- 
ing to Eq. (12.31). The dilution process may be expressed as follows: 


solution 1 (30.8%) + n (H,O) = solution 2 (0.443%) 
Then, 
Gai) = AHP (solution 2) — AA} (solution 1} 


Convert the weight percentage of NaOH into molar ratios r. Accord- 
ing to Eq. (12.2), r= Ny7.0/ NaOH; 


69.240 


99.55X40 _ 
1 78X30.8 = 500 


=90, T2= —8y0 443 


and the integral heats of solution, AH] and AH, can be found in 
the handbook: AH” = —37.76 kJ/mole; AH = —42.36 kJ/mole. 
Calculate gay): 


Gay) = —42.36 — (—37.76) = —4.6 kJ/mole 


19. Determine the heat of solution of 0.1 kg of gaseous hydrogen 
chloride at 298 K and 1.013 x 10° Pa in 3 kg of a 10% aqueous 
solution of HCl. 

Solution. The dissolution process can be written as follows: 


solution 4-+HCl,,) = solution 2 
To calculate the heat of solution (g,,,) use Eq. (12.31): 
Yeo. = (My + m2) AHY — n, AH? 
where 7, is the number of moles of HCI in solution 1, and n, is the 


number of moles of gaseous HC] dissolved in the 10% aqueous solu- 
tion of HCl. 


Calculate ny,0, ,, and Ne: 


0 : 
ny,0= ap = 150, my =X" _ 8.249 
ype O80 


2 "36.5 
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Express the solution concentrations in terms of molar ratios r, 
and T.: 


AO ss — "Ho — 190 43 
r= 8219 = 18.26, = nin 8.2h9-+2.739 13.69 


Find the integral heats of solution in the handbook, then linear 
interpolation (graphical interpolation is preferable in calculations 
requiring a high degree of accuracy) gives 


AH™ = —71.6, AH™ = —70.6 kJ/mole 


Calculate qo): 


Iso) = (8.219 + 2.739) (—70.6) — 8.219 (—71.6) = —185.2 kJ 


Problems 


1. 1 x 10-3 m?® of sodium bromide contains 0.3219 kg NaBr. The 
density of the solution at 293 K is 1238.2 kg/m?®. Express the con- 
centration of the solution in terms of: (1) moles of the salt in 1 xX 
10-3 m8 of the solution, (2) moles of the salt per kg of water, (3) molar 
fractions, (4) percentage, and (5) moles of water per mole of 
NaBr. 

2. The density of a 60% solution of orthophosphoric acid at 
293 K is 1426 kg/m’. Determine the number of moles of H,PO, (4) in 
one litre of the solution and (2) per 1000 g of the solvent. What is 
the molar fraction of the acid in the solution? 

3. The density of a 5.18% aqueous solution of phenol is 
1.0042 g/cm’. The density of water is 0.9991 g/cm’. Express the 
composition of the solution in terms of moles of phenol per mole of 
water and moles of phenol per litre of the solution. What is the 
specific volume of phenol in the solution if it is assumed that the 
specific volume of water remains invariable throughout the formation 
of the solution? 

4. At 80 °C the density of a 12% aqueous solution of phenol is 
0.9775 g/cm®. What is the quantity of water per mole of phenol? 
What is the specific volume of phenol if that of water is 1.029 cm*/g 
and the solution is formed without any change in volume? 

0. The density of CS, at 293 K is 1.264 g/cm®, and that of C,H,OH 
is 0.8040 g/cm®. What is the density of mixture containing 80) % CS, 
if its specific volume is an additive function of composition? 

6. The density of a 10% solution of NH,Cl is 1.029 g/cm’, the 
density of solid NH,Cl is 1.536 g/cm*, and that of water is 
0.9974 g/cm’. Find the change in volume when 100 g of a 10% 
solution are formed. 
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7. At 283 K the density of C,H,OH is 0.7936 g/cm*, the density 
of water is 0.9991 g/cm’, and that of a 50% aqueous solution of the 
alcohol is 0.9179 g/cm®. Determine the amount of compression 
during mixing of 50 g of the alcohol with 50 g of water if the specific 
volume of the latter remains unchanged during the mixing. Compare 
the specific volume of pure alcohol with its specific volume in solu- 
tion. 

8. Determine graphically the partial molar volume of a 0.4 m 
solution of FeCl, proceeding from the following data: 


Number of moles of FeCl, in 100 g 0.0000 0.0126 0.0257 0.0394 0.0536 
of water 

Volume of the solution containing 100.13 100.58 100.98 101.38 101.73 
100 g of water, cm* 


9. Determine graphically the partial molar volume of a 0.3 m 
solution of CuSO, proceeding from the following data: 


CuSO, in solution, % 1.912 3.187 4 462 9.737 
Solution density, g/cm 1.0190 1.0319 1.0450 1.0582 


10. The relationship between the specific volume v of an aqueous 
solution of hydrogen peroxide and the weight percentage w of H,O, is. 


v = 1,003 (1 — w) + 0.6935w ~— 0.036w (1 — w) 


Calculate the partial molar volumes of H,O and H,O, for a solution 
in which w = 0.4. 

11. Determine the partial molar volume of methanol if the density 
of its 60% aqueous solution at 293 K is 0.8946 g/cm? and the partial 
molar volume of water in the same solution is 16.8 cm*/mole. 

12. Determine the molar volume of a 20% aqueous solution of 
methanol if the partial molar volumes of water and alcohol in it 
are 18 and 37.8 cm*/mole, respectively. 

13. Determine the weight of one mole of a solution resulting 
from mixing one mole of CCl, with three moles of SnCl,. 

14. Determine the molar volume of an alloy containing 62% Cu, 
assuming that the volume is an additive function of composition. 
The density of copper is 8.9 g/cm’, and that of zinc is 7.1 g/cm’. 

15. The relationship between the volume of a sodium chloride 
solution and the number n, of moles of the salt dissolved in 1000 ¢g 
of water is 


V = 1000 + 16.4n, + 2.5n2 — 1.273 


Determine the partial molar volume of 0.5 m of the NaCl solution 
(cm). 
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16. Determine the density of a 40% aqueous solution of methanol 
if the partial molar volumes of water and the alcohol in it are 17.5 
and 39 cm’, respectively. 

17. Determine the partial molar heat capacity of KOH in 10%, 
20%, and 30% solutions, proceeding from the following data: 


Number of moles Specific heat of the Number of moles | Specific heat of the 

of KOH in 100 g KOH solution, of KOH in 100 g KOH solution, 
of water J g-1 K-1 of water J g-1 K-1l 
0.0900 4.176 0.5951 3.235 
0.0940 3.896 0.7652 3.100 
0.1985 3.699 0.9636 3.001 
0.3152 3.924 1.4910 2.905 
1), 4469 3.337 


18. Determine the partial molar heat capacities of HNO, and 
H,O in 0.5, 1.0, and 2.0 m solutions. The specific heat capacities 
of the nitric acid solutions are as follows: 


CHNO3, % 0 4 2.5 5 10 15 20 25 
Specific heat ca- 4.18 4.117 4.034 3.908 3.712 3.545 3.373 3.219 
pacity, J g-! K-! 


19. At 298 K, the integral heat of solution of an acid in water 
is given by the equation 


AH = 8.35n1/2 + 12.54n3/2 + 16.72n3/2 


where n, is the number of moles of H,O per mole of the acid. Deter- 


mine AH, (i.e. 0 AH/0dn,)p.7.n,) Of a solution whose molar content 
is 10% acid. 
20. Given the integral heats of solution of NaCl in water at 275 K: 


Number of moles per kg 0.0624 0.2001 0.4003 0.7504 1.0058 


of H,O 
AH, J/mole 7716 .3 7440 .4 6897 .0 6399 .6 6015 .0 
Number of moles per kg 1.9457 3.1064 4.0012 4.9966 6 .0004 
of H,O 
AH, J/mele 4961 .7 3954 .3 3206 .1 2087 .4 1897 .7 


calculate the amount of heat to be absorbed at this temperature 
alter addition of 126 g H,O to 100 g of the 10% aqueous solution of 
NaCl. 
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21. Given the integral and differential heats of solution of one 
mole of sulphuric acid in water at 298 K: 


Number % moles, AH, J AHy,0° J/mole AHH.S04" J/mole 
() 0) — 28 219.9 Q 
0.5 — 15 925.8 — 28 173.2 —1 830.8 
{ —28 507.6 —19771.4 —8 736.2 
Ps —41 632.8 ~ 9 697.6 — 22 237.6 
3 —49 700.2 ~—6 186.4 — 22 781 .0 
4 — 94 841 .6 — 4347.2 —37 452.8 
6 —61 613.2 — 2 382.6 —47 317.6 
10 — 67 883.2 — 973.9 — 958 143.8 


determine (a) the total amount of the heat released when 4 moles of 
H,O are added to a solution containing 6 moles of H,O and one 
mole of H,SO,, and (b) the total amount of heat released when 3 moles 
of H,O are mixed with 6 moles of H,SQ,. 

22. The following results have been obtained in studying the 
solubility of nickel dimethylglyoxime in water at several temper- 
atures: 


T, K 298 303 308 313 318 
Solubility x 10-5, 0.105+9% 0.1394+4% 0.184+2% 0.240+2% 0.307+2% 
mole/litre 


(a) determine the enthalpy of solution of nickel dimethylglyoxime 
in water, A—H® (kJ/mole), and (b) explain the meaning of the super- 
script “°” in AH°. 

23. Given the relationship between the heat of mixing of copper 
with silver and the composition at 1428 K, determine graphically 
the heats of solution of the components in solutions of the following 
composition: zag = 0.10, 0.30, 0.50, 0.70, and 0.90. Plot the heat 
of solution versus composition if 


O04 0.2 0.3 


Zag 0.4 0.5 0.6 0.7 0.8 0.9 
AH, kJ/mole 1.38 2.44 3.144 3.60 3.81 3.77 3.46 2.81 1.78 


24, When 125.4 g of bismuth are mixed with 9.73 g of magnesium, 
16 200 J of heat are released. Determine the partial molar heat of 
solution of bismuth if that of magnesium in this solution is 
—34 900 J/mole. 

2). The partial molar heats of solution of silicon and manganese 
in a Si-Mn solution in which the molar content of silicon is 70% are 
—3800 and —83 500 J/mole, respectively. Determine the amount 
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of heat released during formation of 1 kg of the solution of the above 
composition. | | 

26. The partial molar entropy of solution of silver in solid Au-Ag 
solutions depends on composition and is given by the equation 


AS ap = — Rn xag—5.032r%4y J mole K-4 


Derive the dependence of AS™ on composition and calculate AS™ 
for a 75% solution of gold. 

27. The dependence of the partial molar heat and entropy of 
solution of y-Fe on the composition of the y-Fe-Ni solution is given 
by the equations 


AHy-ve= —20952x%; J/mole, ASyve= —R In zy_ye 


Determine the dependence of the chemical potentials on the com- 
position of the solution. 

28. Calculate the activity of water in a solution if the water 
vapour pressure over the latter is 0.9333 x 10° Pa at 373 K. 

29. At 308 K, the acetone vapour pressure is 0.4959 x 10° Pa 
and the chloroform vapour pressure is 0.391 x 10° Pa. The partial 
acetone vapour pressure over a solution in which the molar content 
of chloroform is 36% equals 0.2677 x 10° Pa, and the partial chloro- 
form vapour pressure over the same solution is 0.0964 x 10° Pa. 
Determine the activity of the solution components and compare 
it with the molar fractions of these substances. 

30. Calculate the activity coefficient of bromine in a carbon 
tetrachloride solution over which the partial bromine vapour pres- 
sure is 10.27 mm Hg. The solution has the following composition 
(molar fractions): Br, 0.0250 and CCl, 0.9750. The pure bromine 
vapour pressure at the same temperature is 213 mm Hg. Assume that 
the standard state of bromine is that of a pure liquid. 

31. If 1.046 g of cadmium are dissolved in 25.23 g of mercury, 
the pressure of the resulting amalgam vapour at 305.2 K will be 
0.920 of the pure mercury pressure. Determine the activity and the 
activity coefficient (molar fractions) of mercury in the amalgam. 

32. Mercury chloride, Hg,Cl,, is distributed between benzene and 
water; the following concentrations have been achieved at 298 K 
(mole/litre): 


in CgH, 0.000155 0.000310 0.000618 0.00524 0.0210 
in H,O 0.001845 O -00369 0.00738 0.0648 0.2866 


Calculate the activity of the salt in an aqueous solution where its 
concentration is 0.2866 mole/litre if its solution in benzene remains 
ideal up te c = 0.03 mole/litre. 

33. Determine the activity coefficient of sugar in a solution if the 
freezing point of its 0.8 m aqueous solution is 271.4 K. The cryoscopic 
constant of water is 1.86. 
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34. The temperature dependence of the vapour pressure (Pa) 
over liquid n-butane at temperatures ranging from 272.66 to 348.16 K 
is given by the equation 


203.8 


1030.3 


Calculate the volatility of n-butane at 289.16 K if the density of its 
saturated vapour at this temperature is 4.9 kg/m. Can the difference 
between volatility and the saturated vapour pressure be ignored if 
the expected accuracy of calculation using the above equation is 
about 1%? 

35. Determine the volatility of NH, under conditions when one 
mole of NH, occupies a volume of 0.7696 litre at 4.05 «x 10° Pa and 
423 K. 

36. The water vapour pressure at 293 K is 2337.80 Pa. Calculate 
the vapour pressure of a solution of 1 x 10-* kg of ammonium chlor- 
ide in 1 x 107! kg of water and the chemical potential of water 
in this solution if the activity coefficient y of water is 0.976, assum- 
ing that AG° of water in the range of 293 to 298 K is independent 
of temperature and w° = AG® of formation of the component in 
question. 

37. The water vapour pressure at 273 K is 610.48 Pa, and the 
vapour pressure of a 10% solution of NaNO, is 589.28 Pa. Determine 
the activity and chemical potential of water in this solution. 

38. The bromine vapour pressure over pure bromine at 298 K is 
23 371.00 Pa, while that in a 0.1 m aqueous solution is 1.7 * 104 Pa. 
Determine the chemical potential of bromine at 298 K. Assume that 
the standard state of bromine is that of a pure liquid. 

39. Mercury chloride, Hg,Cl,, is distributed between benzene 
and water at 298 K in the following concentrations (mole/litre): 


in CgH, 0.000155 0.000310 0.000618 0.00524 0.0210 
in H,O 0.001845 0.00369 0.00738 0.0648 0.2866 


Calculate the chemical potential u in both phases as a function of 
concentration and plot the corresponding curve. 

40. At 1290 K, the saturated silver vapour pressure over an Ag-Au 
solution in which the molar content of silver is 62.0% as well as 
over pure silver is 2.141 x 107! and 4.83 x 10-! Pa, respectively. 
Determine the relative chemical potential of silver in the solution. 

41. The saturated vapour pressures over pure lead, silver, and 
an Ag-Pb solution in which the molar content of silver is 95% at 
1358 K are as follows: Pag = 8.67 < 10°! Pa, Pap = 8.40 x 
10-1 Pa, Ppp = 5.59 x 102 Pa, and Pp, = 9.60 x 10 Pa. ? 

Determine the change in Gibbs’ energy per mole of the solution 
of a given composition. 
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42. The temperature dependence of the saturated vapour pressure 
(Pa) of pure liquid copper is given by the equation 


log P°? = —16050/T + 10.666 


Determine the partial molar heat of solution of copper at 1823 K 
in a Fe-Cu solution (the copper concentration being 89.5%) if the 
Saturated vapour pressure of copper over this solution is 6.73 x 
10! Pa. 

43. The saturated vapour pressure (Pa) of magnesium over a 
Mg-Pb solution containing 4.2% Mg is temperature-dependent 
according to the equation 


log P= —-S° +. 9.218 


The similar equation for the saturated vapour pressure over pure 
magnesium is 


log P? = — 2" 4.9.723 


Determine the partial molar heat and entropy of solution of magne- 
sium at 298 K. 

44. The gas phase H,O-H, which is at equilibrium, at 1873 K, 
with a solution of oxygen in iron (the oxygen content by volume is 
0.1200%) contains 72.1% H,. Determine the change in the chemical 
potential of oxygen during transition from the gas phase in which 
Po, = 10° Pa into solution of the above composition. The equilibrium 
constant of the reaction H, + 0.50, = H,O at 1873 K is 


Kp = Py,o/Py,Pd” = 9.46 x 10° 


45. 400 g of water are mixed with 100 g of 100% H,SO,. The 
evolving heat is expended in heating the solution. Calculate the 
change in the solution temperature (A7) assuming that the vessel 
containing the solution does not absorb heat. The heat capacity of 
the solution is constant and equal to 3.427Jg°-!K~—'. Find the neces- 
sary data in the handbook. 


Multivariant Problems 


{. The density of a solution of substances A and B in given con- 
centrations is d at temperature 7: (1) determine the molar con- 
centration or, in other words, the number of moles of the solute 
per litre of the solution; (2) determine the molality or, in other 
words, the number of moles of the solute per kg of the solvent; 
(3) calculate the mole percentage of substance A; and (4) determine 
the number of moles of the solvent per mole of the solute. 
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== Weight Substance eee 
= |pereentage|—— 7 ~*+| «~«=+7T, K ke/m3 
oe of A A B 
~ 
1 97 CBr,CHO H,O 323 2.628 
2 94 CBr,CHO H,0 313 2.566 
3 94 CBr,CHO H,0 313 2.485 
4 87 CBr,CHO H.0 313 2.340 
5 80 CBr,CHO H,O 313 2.106 
6 73 CBr,CHO H,0 313 1.938. 
7 63 CBr,CHO H,O 313 4.725 
8 45 CBr,CHO H,O 313 1.476 
9 72 CgH,(SO3H) H,0 298 1.281 
10 66 CH,(SO,H) H,O 298 1.256 
11 64 C,H, (SO3H) H,O 298 { .235 
{2 80 C.H,(OH)s H.O 293 1.208. 
13 62 (CH,),0. H,O 293 1.044 
{4 57 Cie He CH,COCH; 293 0.992 
15 20 CioH, CH,COCH, 293 0.968 
16 43 CioHe CH,COCH, 293 0.945 
17 37 CioH, CH,COCH, 293 0.921 
18 30 Ci oH, CH;COCHs 293 0.900 
19 28 C,H, CH,COCH, 293 0.875 
20 17 1oH, CH,COCH; 293 0.850 
24 12 CioH, CH,COCH, 293 0.835 
22 80 CeH,, CH,COCH, 293 0.765 
23 60 C,H, CH,COCH, 293 0.744 
yA 40 CoH, CH,COCH, 293 0.749 
25 20 CoHys CH,COCH, 293 0.692 


2. Given the relationship between the integral heats of mixing, 


AH mx, and the concentration in the liquid phase, ri1, at 298 K 
and 1.0133 x 10° Pa, as well as the vapour composition, z;, and 


the total pressure at 7, K: (1) plot the AH, = f (z;%) curve; 
(2) determine the integral heat of the mixing of the components for 
1 g of the mixture; (3) determine, using all possible methods, the 
partial heats of mixing of the ith component at concentrations m; 
and x7; (4) determine the apparent molar heat of mixing of the 
ith component at concentration 2z;%; (5) determine the partial 
pressure of the ith component for the tabulated mixtures; (6) calculate 
the activity of the ith component for the tabulated mixtures; (7) de- 
termine therelative chemical potential of the ith component for the 
tabulated mixtures; (8) determine the activity coefficient of the ith 
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component for the tabulated mixtures; and (9) determine the entropy 
of mixing at the tabulated concentrations, assuming that the heat 
of mixing is independent of temperature. 

In each variant, the calculations should be performed for two 


com positions, 


CHAPTER 13 
Dilute Solutions 


Basic Equations and Symbols 


The relative pressure of saturated vapours over a solution of solid 
substances in volatile solvents is given by Raoult’s law (relative 
decrease in the solvent vapour pressure over the solution): 


P; —P; AP Kho 
ee 13.1 
Pj Pi nyt Ne ( 


where P% is the vapour pressure over the pure solvent, P; is the 
solvent vapour pressure over the solution of a given concentration, 
AP/Pj is the relative decrease in the solvent vapour pressure, 7, is 
the number of moles of the solute, and n, is the number of moles of 
ihe solvent. 

When the dissociation (association) of the solute is taken into 
account, Raoult’s equation takes the form 


AP = ills fey iNg 13 9 
Pi Ny Ne = ry ( 


where i is the van’t Hoff factor: 


total number of moles with dissociation =1{+a(v— 1) (13.3) 


== Total number of moles without dissociation 


here @ is the degree of dissociation= — umber of dissociated molecules 
=" . 6 _ initial number of molecules ’ 


and v is the number of the particles into which the molecule disso- 


ciates. 
The increase in the boiling point (AT, = T — T°) of a dilute 
solution relates to the molality m as follows in the case of non- 


dissociating substances: 

AT, = A,m (13.4) 
and for dissociating substances the relation is 

AT, = ikK,m (13.9) 
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where 7° and T stand for the boiling points of the solvent and solu- 
tion, respectively, and K, is the ebulioscopic constant (molar 
elevation in the boiling point) ; 

K,= (13.6) 
where 7,5. is the normal boiling point of the pure solvent, and 
levap is the specific heat of evaporation of the solvent. 

The elevation inthe boiling point of a solution is instrumental in 
determining the molecular weight of the solute: 

M,= 1000K etn, 


mATevap (15.7) 


where M, is the molecular weight of the solute, m, is the mass of 
the solute, and m, is that of the solvent. 

The depression in the freezing point (A7, = 7?—T) of a dilute 
solution relates to the molality m as follows for non-dissociating 
substances: 


AT, = K,,m (13.8) 
while in the case of dissociating substances the relation is 
AT, = iK,y,m (13.9) 


where K,, is the cryoscopic constant of the solvent (molar depression 
in the freezing point); 
K,.— —*fm_ (13.10) 
cr 1000 Lrus ; 
; and 7 stand for the freezing points of the pure solvent and solu- 
tion, respectively, and / is the specific heat of fusion of the solvent. 
The depression in the freezing point of a solution allows one to 
determine the molecular weight of the solute: 


a 1000K epme 


Ate (13.11) 


The relationship between osmotic pressure and the molarity 
(van t Hoff’s relation) is 


mn = cRT (13.12) 
for non-dissociating substances and 
n = icRT (13.42a) 


for dissociating ones, n being osmotic pressure and c being the solu- 
tion concentration in mole/litre. 

The integral heat of solution, AH™, for dilute solutions is given 
by the equation 
14% 
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The chemical potential of the components of a finitely dilute 
solution takes the form of the following equations: 


by = py + RT Ing, (13.14) 
be = pp + RT lnm , (13.15) 


in which py is the chemical potential of the second component in 
a hypothetical solution whose molality is m = 1 mole per 1000 g 
and which exhibits the properties of a finitely dilute solution. 

The relationship between the solubility of gases in liquids and 
pressure is given by Henry’s equation 


gt KoP, (13.46) 
P,= Kyx2" (13.47) 


where zliq is the gas concentration in a saturated solution, and 
Ky and Ay are the Henry constants; 


Ay = 1/Ky 


and P, is the partial gas pressure. 
The temperature dependence of the solubility of a gas is expressed 
as the following differential equation: 


(<2 Xe _ AH 
oT P,sat.sol. RT? 


or integral equation (for the temperature range in which AA? is 
constant): 


(13.18) 


(fy, AHP / 4 { 
oleae i (= — 7} (13.19) 


where Aff)’ is the differential heat of solution of the gas in the 
saturated solution. Equations (13.16) and (13.18) are applicable to 
ideal and finitely dilute solutions. 

For a given temperature, the ratio of the concentrations of a third 
component in two equilibrium phases is a constant quantity in- 
dependent of the absolute amounts of all the substances involved 
in the distribution: 


cleg = K (13.20) 


where c, is the equilibrium concentration of the substance being 
distributed in the first phase, c, is that of the substance being distrib- 
uted in the second phase, and & is the distribution number (or coef- 
ficient). 

In some systems, the substance being distributed is characterized 
by dissimilar average numbers of particles in different solvents as 
a result of dissociation of its molecules. Then, Eq. (13.20) is no 
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more applicable, and the equation of the distribution law takes the 
form 


elle, = K (13.21) 


where n = M"/M’ (M’ is the mean molecular weight of the sub- 
stance being distributed in the first phase, and M” is the mean 
molecular weight of the substance being distributed in the second 
phase). When a third substance is distributed between two immiscible 
liquids, it may so happen that the degree of dissociation of the 
distributing substance differs from one solvent to the other. Let 
the degree of dissociation of such a substance be q, in the first solvent, 
and a, in the second. Then the distribution law will be written as 


c, 1 —a,)/le, 4 —a,)] = K (13.22) 


To modify the distribution law (13.20) for concentrated solutions, 
activities should be substituted for concentrations: 


ala, = K (13.23) 


where a, and a, stand for the activities of the substance being dis- 
tributed in the first and second phases, respectively. If the relation- 
ship between the activity and the concentration of the substance 
being distributed in one of the solvents is known along with the 
distribution coefficient, a similar relationship can be established 
for the conjugate solution. 

The distribution law is widely used when a substance is extracted 
from a solution. Let m, stand for the initial quantity of the substance 
being extracted, V, for the solution volume containing this sub- 
stance, V, for the solvent volume required for a single extraction, 
n for the total number of extractions, m,, m,,..., m,, for the quant- 
ity of the substance, remaining in the initial solution after the first, 
second, ..., mth extractions, and A for the distribution coefficient 
of the substance being extracted. It is assumed that the latter coef- 
ficient is the ratio of the concentration of the solution from which 
the substance being distributed is extracted to that of the solution 
used for the extraction. Let m, kg of the dissolved substance remain 
in the volume V, after the first extraction and m, = my — m, kg be 
the actual extracted amount confined within the volume V,. Accord- 
ing to the distribution law (13.20) 


a Ls ene (13.24) 


(™My—m})/V_2 


hence, 
m, = my KV,/(KV, + V.) (13.25) 
After the second extraction, 
malt = K, m—m, = (13.26) 


(m,—™M)/Vo KV,+ V2 
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Simultaneous solution of Eqs. (13.25) and (13.26) gives 
KV, ) 


Meo — Mp ( 
After n extractions, the initial solution contains m kg of the dis- 
solved substance: 


m= My (A 4-)' (13.28) 


Exercises 


1. The pressure of the water vapour of a solution containing a non- 
volatile solute is 2% below that of the vapour of pure water. Deter- 
mine the molality of the solution. 

Solution. Use the equation 


(Pea Pil P. S25 


Taking the pure solvent vapour pressure P; as 100 and P, as 98, 
we have 


(100 — 98)/100 = 0.02 or zx, = 0.02 


To determine the molality m, calculate the number of moles of the 
solute per 1000 g of water, using the equation 


Lg = Nl (nN, + nN) 


in which n, is the number of moles of water and nz = m; n, = 
1000/18 = 55.56. Substitution of these numbers into the equation 
gives 

0.02 = m/(55.56 + m) 


hence, m = 1.134. 

2. What will be the change in the ratio between the vapour pres- 
sures over a solution and the solvent if the solute is dissociated by 
80% into two ions and if the solute is not dissociated? The water 
vapour pressure of the solution containing a non-volatile solute is 
2% below that of the pure water vapour. 

Solution. Calculate the relative decrease in the pressure over the 
solution in which the substance undergoes dissociation and compare 
it with the relative decrease in pressure when no dissociation takes 
place. According to Eq. (13.2), 

AP __ ina 
PP ay + ing 
nN, = m = 1.34 moles per 1000 g; n, = 99.55. 
Calculate i using Eq. (13.3): 


i=14+0.8(2 —1)=1.8 


ho 
a | 
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Substitution of the numbers gives 


AP AB KABA 
( P3 a BEST 1exiiss ~ 0-080 


Find the ratio between the relative decreases in pressure with 
and without dissociation of the solute: 


AP {AP’\ — 0.035 _ 
(53 V arse? { p° )= 0.02 = 1.79 


3. Calculate the ebullioscopic constant A, for water. The heat 
of evaporation AH gy yap is 40.685 kJ/mole. 
Solution. To calculate the ebullioscopic constant use Eq. (13.6): 


RT) pM 8.314 (373.16)?X18 __ 
| 1000AHevap —t600040.685. 0.012 deg/mole 


4. Determine the boiling point of an aqueous solution containing 
0.01 mole of a non-volatile substance in 200 g of water. 
Solution. Calculate 7), using Eq. (13.4): 


K, = 0.512 deg/mole 
Determine the molality of the solution: 
m = 0.01 xX 5 = 0.05 mole per 1000 g of water 


Substitution of the numbers into Eq. (13.4) gives 
AT = 0.912 x 0.05 = 0.0256 
T[=f?+ AT = 373.16 + 0.0256 = 373.186 K 


5. Calculate the molecular weight of a substance if the freezing 
point of a solution containing 100 g of benzene and 0.2 g of the 
substance of interest is 0.17 K below that of benzene. The cryoscopic 
constant K,, is 5.16 deg/mole. 

Solution. To calculate the molecular weight use Eq. (13.10): 


M = 1000 x 5.16 x 0.2/(1400 x 0.17) = 60.23 


6. The decrease in the freezing point of an aqueous solution of a 
substance is 1.395 K, and that in the freezing point of a benzene 
solution of the same substance is 1.280 K. Why the difference in AT, 
if the molalities of the solutions are the same? What quantities 
representative of the state of the substance in the solution can be 
derived from the above data? K,, is 5.16 deg/mole for benzene and 
1.86 deg/mole for water. 

Solution. The difference in freezing points can be explained by 
the fact that the substance dissociates in the aqueous solution but 
does not in the benzene one. Equations (13.8) and (413.9) can be 
used to calculate the van’t Hoff factor i. Once the numerical value 
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of i is known, it is possible (using Eq. (13.3)) to infer the number v 
of the particles into which the solute molecule dissociates, as well 
as the degree of dissociation a. According to the inferences made, 


AT c,u, = 1.28 = 5.16m, ATu,o= 1.395 = i1.86m 
ATy.0 1.395 1.86 


5.16X1.395 
ATo uy, 1.28 5.16 at 


1.28 X 1.86 


, t= 


If the molecule yields two particles (v = 2) as it dissociates, 
then, even at a = 1, i = 2. The resulting i > 2 indicates that 
v > 2. Calculate the degree of dissociation « using Eq. (13.3) and 
assuming that v = 3; then, 2.02 = 1 + @ (3 — 1) and, consequeat- 
ly, a = 0.76. If v = 4, a@ = 0.50, and so on. 

7. A solution containing 0.8718 mole/litre of cane sugar at 291 K 
is isoosmotic with a solution of sodium chloride containing 0.5 mole/ 
litre NaC]. Determine the apparent degree of dissociation and the 
van’'t Hoff factor for sodium chloride. 

Solution. To determine the osmotic pressure for the sugar solution 
use the equation x = c,RT where c, is the sugar concentration in 
the solution. To do the same for the sodium chloride solution use 
the equation nx = ic,RT, in which c, is the NaCl concentration 
in the solution. Since the osmotic pressures of both solutions are 
equal, c,RT = ic,RT. Consequently, 


i=e/c, or i = 0.8718/0.5 = 1.743 


Using the equation i = 1 + a (vw — 1), determine the apparent 
degree of dissociation. Since the sodium chloride molecule dissociates 
into two ions in solution, v = 2 and 


a = (1.743 — 1)/(2 — 1) = 0.743 


8. Calculate the Henry constant Ky for nitrogen at 298 K and 
760 mm Hg. The Bunsen coefficient @ is 0.0143 (which is the number 
of the nitrogen volumes, reduced to normal conditions, absorbed by 
one volume of water). The density of water is 0.997 g/cm’. 

Solution. Calculate the number of moles of nitrogen absorbed by 
1 cm® of water, using Eq. (40.1): 


40.0143 10-8 


MN, =— osc = 6.38 x 1077 mole 
ee te — 0.0554 mole 


To calculate the molar fraction of nitrogen, zy,, use Eq. (13.3): 


EN 6.38 x 107? 
InN, = = 


Totty, — Bbaxto® — 119% 10% 
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Substitution of the pressure and concentration values into the 
equation gives Ay: 


i ee ER 


9. At 295 K and 51 987 Pa, the solubility of H, in aniline is 
10.6 kg/m’, and at 154628 Pa and the same temperature, it is 
31.6 kg/m®. Is Henry’s law applicable under these conditions? 

Solution. If Henry’s law is applicable, then the ratio of pressure 
to the equilibrium concentration of the gas in the liquid is a constant 
quantity proportional to the Henry constant Ky. Calculate the 
pressure-to-concentration ratios: 


51 987/10.6 = 4904.4, 154 628/31.6 = 4893.3 


Comparison of the results suggests that the answer is positive. 
10. Calculate the heat of solution of nitrogen in water (Py, = 
760 mm Hg) proceeding from the temperature dependence of the 
Henry constant Ky: 
T, K 273 283 293 303 
Ky, X 10°? mm Hg 4 .Q2 5 .08 6.12 7.02 


Solution. Solve Eq. (13.17) for the molar fraction. Substitution 
of the result into Eq. (13.19) will give 
PN | Py AHR T_T 
. (Ku)r, 7 (Ku) rr, 2.3R Poly 
or 
(Ku)p, — AHP T,—T, 
(Ki) 7, 2.3R ToT, 


Substitute the values of Ky for the two temperatures into the equa- 
tion: 
low 4:02, ___ AHP 30 
5 702 2.3X8.314 273x303 


and the result will be AH™ = 12.728 kJ/mole. 

{1. A 0.02 M aqueous solution of picric acid is at equilibrium 
with its 0.07 M solution in benzene. Calculate the coefficient of 
distribution of picric acid between benzene and water if its molecular 
weight is normal in the benzene solution, while in water picric acid 
——— partial dissociation, the degree of this dissociation being 


Solution. To determine the coefficient of distribution of picric 
acid between benzene and water divide its concentration in benzene 
by that of its undissociated portion in water: 


K = 0.7/[0.02 (4 — 0.9)] = 35 
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42. Distribution of salicylic acid between benzene and water at 
298 K has resulted in the following concentrations: 


c, 0.0363 0.0668 0.0940 0.126 0.240 
c, 0.0184 0.0504 0.0977 0.146 0.329 
c, 0.283 0.558 0.756 0.912 
c, 0.553 1.650 2.810 4.340 


where c, is the concentration of salicylic acid in the aqueous layer, 
mole/litre; and c, is the acid concentration in the benzene layer, 


log C3 
0.8 F/ 
0.6 
0.4 


=16 =19. 408-04 0.204 


—O.2- logc, 
—0.4 
~ 0.6 
—0.8 
—1.0 
=) 
—1.4 
~ 1.6 
~ 1.8 


f\@ 


Fig. 19. Logarithm of concentration c 
of a benzene solution of salicylic acid 
versus logarithm of concentration c, of 
an aqueous solution of the same acid 


mole/litre. Plot the values of nm and K and write the distribution 
equation. 

Solution. Use Eq. (13.20) to calculate K; K = 1.97, 1.33, 0.96, 
0.86, 0.64, 0.53, 0.34, 0.27, and 0.24. Since the c,/c, ratio does not 
remain constant, changes in the molecular weight of the substance 
being distributed are observed. Apply the distribution law in its 
general form. Taking the logarithms of Eq. (13.21) gives 

nloge, —loge, = log K or loge, = nloge, — log K 
The latter is an equation for a straight line whose slope is n, and the 
intercept on the ordinate is log K. Take the logarithms of the con- 
centrations stated in the problem: 


log cy 
log c, 
log cy 


log cy | 


—1 .4404 
—1 .7352 
—0 .5482 
—2.2733 


—1.1752 
—1 .2976 
—Q .2534 
+0.2175 


—1 .0269 
—1 .0101 
—Q0.1215 
+0 .4487 


—0 .8996 
—0 .8396 
—0 .0400 
-+-0 .6375 


—0 .6778 
—0 .4828 
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Use these data to plot log c, versus log c, (Fig. 19), and determine 
the slope of the straight line with respect to the abscissa: 


tana =~ = 1.66, n— 1.66 — log K = 0.66 


log K=1.34, K=0.219 


For the system under consideration, the distribution law is given 
by the equation 


1 -68/e, = 0.219 


13. The coefficient of distribution of iodine between water and 
carbon disulphide is 0.0017. An aqueous solution of iodine, contain- 
ing 10-4 kg of iodine in 10-* m® of water, is shaken together with 
carbon disulphide. How much iodine will remain in the aqueous 
solution if 10-4 m? of the latter is shaken with 5 x 10° m® of carbon 
disulphide and if 10-* m® of the aqueous solution is shaken succes- 
sively with five separate 10-* m®* portions of carbon disulphide? 

Solution. Determine the amount of iodine remaining after one 
extraction, with the aid of Eq. (13.25): 


sis al 0.0017 x 10-4 +5 x 10-8 3.3X 10 kg 


The amount of extracted iodine will be 
10-4 — 3.3 x 10-' = 0.967 x 10-4 kg or 96.7% 
Now determine the amount of iodine remaining after five extrac- 
tions, with the aid of Eq. (13.28): 
KV, )° 
KV, +V2 


_ " 0.0017 x 10-4 5 = 
V,=10 m3, m, = 10 . (Waa = 6.9 x 10 ekg 


The amount of iodine after five-fold extraction is 
10-* — 6.5 x 107) = 0.999935 x 10-4 kg or 100% 


Ms = Mo ( 


Problems 


1. Determine the relative decrease in vapour pressure for a solution 
containing 0.01 mole of a non-volatile solute in 0.5 kg of water. 

2. The water vapour pressure at 313 K is 7375.4 Pa. Calculate 
the vapour pressure, at the same temperature, of a solution contain- 
ing 0.9206 x 10-* kg of glycerol in 0.360 kg of water. 

3. Calculate the ether vapour pressure over a 3% solution of 
aniline in ethyl ether, (C,H;),O, at 293 K. The ether vapour pressure 
at this temperature is 5.89 x 10* Pa. 
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4, The ethyl ether vapour pressure is 0.589 x 10° Pa at 293 K, 
and the vapour pressure of a solution containing 0.0061 kg of benzoic 
acid in 0.05 kg of ether at the same temperature is 0.548 x 10° Pa. 
Calculate the molecular weight of benzoic acid in ether and the 
relative percentage error of the experiment relative to the value 
tabulated in handbooks. 

5. A 7.5% aqueous solution of calcium chloride boils at the 
normal atmospheric pressure of 1.0133 x 10° Pa and 374 K. Calcu- 
late the factor i. The water vapour pressure at 374 K is 1.05 < 10° Pa. 

6. Determine the percentage concentration of an aqueous solution 
of glycerol if the vapour pressure of this solution equals that of a 
solution containing 0.0089 kg NaNO, in 1 kg H,O. The apparent 
degree of dissociation of NaNO, in the above solution is 64.9%. 

7. The vapour pressure of a solution containing 2.21 x 10-3 kg 
CaCl, and 0.1 kg H,O is 2319.8 Pa at 293 K, the water vapour pres- 
sure at the same temperature being 2338.5 Pa. Calculate the apparent 
molecular weight and the apparent degree of dissociation of CaCl,. 

8. 0.1 kg of ether (VM = 74) contains 0.01 kg of a non-volatile 
substance. The vapour pressure of this solution is 426 mm Hg at 
293 K, while that of pure ether is 442 mm Hg at the same tempera- 
ture. Calculate the molecular weight of the solute. 

9. 0.0684 kg of sugar is dissolved in 1 kg of water (M = 342). 
Calculate the vapour pressure of this solution at 373 K. Determine 
its boiling point if the heat of evaporation of water at the boiling 
point is 2256.7 x 10° J/kg. 

10. The boiling point of benzene is 353.36 K. Its molar heat of 
evaporation at the boiling point is 30 795 J/mole. Determine the 
ebullioscopic constant of benzene. 

11. The boiling point of pure CS, is 319.2 K. A solution contain- 
ing 0.217 « 10° kg of sulphur in 1.918 x 10-? kg CS, boils at 
319.304 K. The ebullioscopic constant of carbon disulphide is 2.37°. 
Determine the number of atoms in a sulphur molecule dissolved 
in carbon disulphide if the atomic weight of sulphur is 32. 

12. 0.0106 kg of a solution contains 0.40 x 10~-° kg of salicylic 
acid dissolved in ethanol. The solution boils at a temperature 
0.337° above the boiling point of pure ethanol. The molar increase 
in the boiling point of ethanol is 1.19°. Determine the molecular 
weight of salicylic acid. 

13. Pure water boils at 373.2 K and atmospheric pressure. Deter- 
mine the boiling point of a solution containing 3.291 x 10-3 kg of 
calcium chloride in 0.1 kg of water. The apparent degree of dissocia- 
tion of CaCl, in the above solution is 68%. The ebullioscopic constant 
for water is 0.516°. 

14. Determine the apparent degree of dissociation of HIO, in a 
solution containing 0.506 x 10°? kg HIO; in 22.48 x 10-3 keg of 
ethanol. The solution boils at 351.624 K, whereas pure ethanol 
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boils at 351.46 K. The molar elevation in the boiling point of ethanol 
is 1.19%. 

15. The freezing point of pure benzene is 278.500 K, and that of 
a solution containing 0.2242 x 10-* kg of camphor in 3.055 xX 
10-*kg of benzene is 278.254 K. The molar depression in the freezing 
point of benzene is 5.16°. Determine the molecular weight of 
camphor. 

16. Glycerol is usually added to very weak aqueous solutions to 
avoid their freezing in winter. Assuming that Raoult’s law is appli- 
cable to solutions of a similar concentration, calculate the amount 
of glycerol to be added so that a solution containing 0.1 kg of water 
does not freeze up to 268.16 K. 

17. A solution containing 1.632 x 10-* kg of trichloroacetic acid 
in 0.1 kg of benzene freezes at a temperature 0.350° below the freezing 
point of pure benzene. Determine whether trichloroacetic acid 
undergoes dissociation or association in the benzene solution and to 
what degree. The molar depression inthe freezing point of benzene is 
5.16°. | 
18. A solution containing 0.001 mole of zinc chloride in 1 kg 
of water freezes at 273.1545 K, while that containing 0.0819 mole 
of the same substance in 1 kg of water freezes at 272.7746 K. Calcu- 
late the factor i. The cryoscopic constant of water is 1.86°. 

19. The melting point of phenol is 314 K. A solution containing 
).77 KX 10° kg of acetanilide, (CsH,O)N, in 1.254 x 10>? ke of 
ohenol freezes at 310.25 K. Calculate the cryoscopic constant of 
phenol and its melting point (J/kg) in the solution if the molecular 
weight of acetanilide dissolved in benzene is consistent with its 
formula. 

20. Determine the concentration of an aqueous glucose solution 
if the latter is isoosmotic, at 291 K, with a solution containing 
0.5 xX 10? mole/m® CaCl,, the apparent degree of dissociation of the 
latter at the above temperature being 65.4%. 

21. 1 x 10-* m® of seawater contains primarily the following 
salts (kg): NaCl (27.2 x 10°%), CaSO, (1.3 x 107°), MgCl, 
(3.4 < 107%), CaCl, (0.6 x 107%), and MgSO, (2.3 x 107%). Calcu- 
late the osmotic pressure of seawater at 298 K and compare the result 
with the value determined from the osmotic coefficient on the 
assumption that the above salts undergo complete dissociation. 

22. The vapour pressure of a cane sugar solution in 1 kg of water 
is 98.88% that of pure water at the same temperature. Calculate the 
boiling point and osmotic pressure of this solution at 373 K, the 
solution density being 1 x 10° kg/m‘%. 

23. Calculate the freezing point of a solution containing 7.308 x 
10-° kg of sodium chloride in 0.250 kg of water if the osmotic pressure 
of the solution is 2.1077 x 10° Pa at 291 K, its density is 1 xX 
10° kg/m®, and J,,, = 333.48 x 10° J/kg. 


222 Problems and Exercises in Physical Chemistry 


24. The freezing point of a dilute aqueous solution of cane sugar 
is 272.171 K. The pure water vapour pressure at the same temper- 
ature is 568.6 Pa, and the heat of fusion of ice is 6029 J/mole. Calcu- 
late the vapour pressure of the solution. 

25. Calculate the freezing point of an aqueous solution if its 
vapour pressure is 99% that of pure water at the same temperature. 
The heat of fusion of ice is 6029 J/mole. 

26. Calculate the concentration of an aqueous solution of a sub- 
stance in moles per kg of water if its vapour pressure at 373.08 K 
is 1.0109 x 10° Pa. The molar heat of evaporation of water is 
40193 J/mole; Py. = 1.0264 x 10° Pa at 373.58 K. 

27. At 1.04 x 10° Pa, the boiling point of ether is 308 K. A solu- 
tion containing 0.01094 kg of aniline in 0.1 kg of ether has a vapour 
pressure of 0.444 x 10° Pa at 288.46 K. The heat of evaporation of 
ether is 375.70 x 10? J/kg. Calculate the molecular weight of aniline 
in the solution. 

28. Determine the percentage composition and molecular weight 
of a hydrocarbon proceeding from the following data: 0.2 x 10-3 kg 
of the substance yields 0.687 x 10-° kg CO, and 0.1125 x 10-3 kg 
H,O; the freezing point of a solution containing 0.0925 x 10-3 kg 
of the substance in 0.01 kg of benzene is 0.354° below the freezing 
point of the latter. The cryoscopic constant of benzene is 5.16°. 

29. An aqueous solution freezes at 271.5 K. Determine its boiling 
point and vapour pressure at 299 K. The cryoscopic constant of 
water is 1.86°, its ebullioscopic constant is 0.516°, and the water 
vapour pressure at 298 K is 3168 Pa. 

30. The water vapour pressure at 293 K is 2338.5 Pa, and the 
vapour pressure of an aqueous solution is 2295.8 Pa. Determine its 
osmotic pressure at 313 K if the solution density at this temperature 
is 1010 kg/m’. The molecular weight of the solute is 60. 

31. The freezing point of a solution containing 2.6152 x 107° kg 
of ethylene-glycol ether in 0.1 kg of water is 0.5535° below that of 
water. Determine the molecular weight of the ether if the heat of 
fusion of ice is 6029 J/mole. 

32. Dry air is blown through 2.5 <x 10-3 m?® of water at 283 K. 
and 1.01 x 10° Pa. Determine the nitrogen and oxygen concentra- 
tions in the water when the state of equilibrium is reached, assuming 
that the solution is ideal. The Henry constants at 283 K are 677.14 x 
10’ Pa for nitrogen and 331.44 x 10’ Pa for oxygen. 

3d. The solubility of gaseous hydrogen bromide in benzene at 
303 K is characterized by the following values: 


Molar fraction 0.000642 0.005459 0.01149 0.2335 0.02913 0.04743 
P, Pa 1016.29 8460.64 25 771.00 39 053.77 46 832.41 75 537.79 


Plot the solubility of HBr versus pressure and calculate the mean 
value of the constant in Henry’s equation. 
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34. Determine the amount of hydrogen sulphide to be dissolved 
in 0.004 m® of water at 283 K and 50.66 x 104 Pa. The water solubil- 
ity of hydrogen sulphide at 283 K is 5.16 kg/m* at normal pressure. 

35. The air composition by volume is as follows (%): O,, 20.96; 
N,, 78.1; Ar, 0.9; and CQ,, 0.04. The solubilities of these gases in 
water at normal pressure are (m*/m*): O,, 0.0429; N,, 0.0209; Ar, 
0.057; CO,., 1.424 (10.132 x 104 Pa, 278 K). Calculate the percentage 
ratio of the components of air dissolved in water at 278 K and 
10.132 x 10* Pa. 

36. A vessel having a capacity of 0.01 m* contains oxygen at 
292 K and 10° Pa. How much benzene is to be added to the vessel for 
the oxygen pressure to increase by 10.132 x 10* Pa? The solubility 
of oxygen in benzene at 292 K and normal pressure is 0.233 kg/m?. 

37. The Henry constants for oxygen in water at 273.2 and 283.2 K 
are 0.04889 and 0.03802 atm~-!, respectively. Calculate the enthalpy 
of the oxygen dissolved in water. 

38. A 10 litre vessel with methane contains one litre of water at 
298 K. The total pressure inside the vessel is 9.866 < 104 Pa. How 
many grams of methane are dissolved in water? 

39. The Henry constants for oxygen and nitrogen being dissolved 
in water at 273.2 K are1.91 x 10’ and 4.09 x 10’ mm Hg, respective- 
ly. Calculate the decrease in the freezing point of water, caused by 
the dissolution of air (80% N, and 20% O,) at 1.0133 x 10° Pa. 

40. At 288 K, an aqueous solution of succinic acid, containing 
12.1 g/litre of the latter, is at equilibrium with an ether solution 
containing 2.2 g/litre of the same acid. Determine the concentration 
of an ether solution of succinic acid, which is at equilibrium with an 
aqueous solution containing 4.84 g/litre of the acid. Succinic acid 
has a normal molecular weight both in water and in ether. 

41. Distribution of acetic acid between carbon tetrachloride and 
water has resulted in the following concentrations (kg/m*): 


in CCl, 2.92 3.63 7.25 10.7 14.4 
in H,O 48.7 54.2 76.4 93.0 107.0 


Acetic acid has a normal molecular weight in the aqueous solution. 
Determine the molecular weight of acetic acid in the CCl, solution 
and its distribution coefficient. 

42. Distribution of phenol between water and benzene has resulted 
in the following concentrations (mole/litre): 


in H,O 0.0346 0.423 0.327 0.750 
in CgHg 0.077 0.1459 0.253 0.390 


Calculate the distribution coefficient AK and exponent nm in the 
equation for the distribution law. 

43. Phenol has a normal molecular weight both in water and 
in amyl alcohol. At 298 K, a solution containing 10.53 g/litre of 
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phenol in amyl! alcohol is at equilibrium with an aqueous solution 
containing 0.658 g/litre of phenol. Determine the weight percentage 
of phenol to be isolated from 0.5 litre of an aqueous solution, in 
which its concentration is 37.6 g/litre, by double extraction with 
amyl alcohol. For each extraction 0.1 litre of amy! alcohol is taken. 

44. The coefficient of distribution of iodine between water and 
carbon tetrachloride at 298 K is 0.0117. lodine has the same molecular 
weight in both solvents. How much carbon tetrachloride is to be 
taken in terms of volume so as to extract 99.9, 99.0, and 90.0% of 
iodine present in 0.5 litre of the aqueous solution in a single extrac- 
tion? 

45. How much iodine will remain in one litre of an aqueous solu- 
tion which was saturated at 291 K after being shaken with 0.1 litre 
of carbon disulphide? The solubility of iodine in water at 291 K 
is 1 g per 3.616 litres. The coefficient of distribution of iodine between 
water and carbon disulphide is 0.001695. The molecular weight of 
iodine is the same in both solvents. 


Multivariant Problems 


{. At temperature 7, the vapour pressure of a solution of an un- 
known non-volatile substance, whose concentration in the liquid 
solvent is c, equals P, Pa; the density of the solution being d. The 


Weight 


Sees ah Molecular dx 10-3, 
arian aac ealeciel 4 woes iad : P, Pa T, K kg/m3 
substance 

4 Q.9 18 { 598 288 .2 1.000 

ys 8 24 «38714 278 0.750 

3 o 28 31 740 69 0.850 
4 8.5 30 33 841 114 1.300 
o o 32 16 108 306.7 1.590 
6 9 34 99 000 207 1.985 

q 8 44 690 000 223 1.500 

8 7 46 2379 283.2 1.210 

9 o oz 91 942 292.9 2.900 
10 4.9 02.9 776 1991 6.800 
11 o 28 30 896 303 3.560 
42 6 64 7 328 216 1.590 
{3 3 68 {2 420 149 1.780 
14 3 78 2 807 283 . 2 0.730 
19 6 81 49 431 194 1.210 
16 o 83.5 84 990 119.6 2.160 
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temperature dependence of the saturated vapour pressure over the 
liquid and the solid pure solvent is given in the tabie on pp. 178-182. 
(1) Calculate the molecular weight of the solute; (2) determine the 
molarity and molality of the solution; (3) calculate the osmotic 
pressure of the solution; (4) plot the P = f (7) curve for the solution 
and solvent; (5) plot the temperature at which the vapour pressure 
over the pure solvent is P, Pa; (6) graphically determine the in- 
crease in the boiling point of the solution of concentration c at 
pressure P; (7) calculate the ebullioscopic constant by all possible 
methods and compare the results at the normal boiling point (7, ,.); 
(8) determine the depression in the freezing point of the solution; 
and (9) determine the cryoscopic constant. 

2. Given the solubility of gases in water at different temperatures 
and a total pressure (of the gas and water vapour) of 1.01 x 10° Pa 
(see the table on 225), calculate the mean heat of solution of the 
gas in water and compare the result with the heat of condensation 
of the dissolved gas. Plot the water solubility of the gase as a func- 
tion of temperature and pressure. Calculate the pressure range in 
which the solubility obeys Henry's law. 


CHAPTER 14 
Heterogeneous Equilibrium in Binary Systems 
Containing Liquid and Vapour Phases 
Basic Equations and Symbols 


In the case of ideal solutions, the concentrations of the ith component 
in the vapour and liquid phases are given by the equations 


PA i PR oii 
CaN = 2A and LB =< > ryt (14.1) 
in which za and zy stand for the molar fractions of components A 


and B, respectively, in the vapour phase, iid and ryt are the molar 
fractions of components A and B in the liquid phase, P4 and P}, 
are the saturated vapour pressures over the pure components A 
and B, and P is the total vapour pressure over the solution. 


The heat of evaporation of the mixture is given by the equation 
AY ¢ gees — AF evap, ar e4 fe AH evap, BTR" (14.2) 


in which AH .yap iS the heat of evaporation of one mole of the solu- 
tion, A eyap,a is the heat of evaporation of one mole of substance A, 
and AM eyap.p is the heat of evaporation of one mole of substance B. 

As regards real solutions, the concentration of the ith component 
in the vapour phase is related to the activity of the same component 
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in the liquid phase as follows: 


0 0 
P 
r= A aa and 2B = ay (14.3) 


where a, and ap are the activities of the components in the solution. 

The ratio between the weights of the vapour and liquid phases 
under a given set of conditions is determined, if the system is hetero- 
geneous, according to the lever principle. If the weight percentage 
or fraction is plotted on the X axis of the liquidus boiling-point 
diagram, then 


m*/m = wiid — w)/(wlit — wv) (14.4) 


where mY is the weight of the vapour phase, m is the weight of the 
system, w is the system’s composition by weight, %, w’ is the com- 
position of the vapour phase by weight, %, and w!!d is the composi- 
tion of the liquid phase by weight, %. But if plotted on the X axis. 
is the mole percentage or fraction, then 


n/n = (cia — gx)/(zliq — xv) (14.5) 


The saturated vapour pressure in the region of existence of a heter- 
ogeneous system whose components are finitely soluble in each 
other is 


where P, and Ps, are partial pressures, and P is the total vapour 
pressure. In the heterogeneous region, Pa = const and Pg = const. 
The saturated vapour pressure over a heterogeneous system whose 
components are mutually insoluble will be 


P= Pa + Pi, (14.7) 


where P% and PR stand for the saturated vapour pressure over the 
pure components A and B, respectively. The compositions of the 
vapour and condensate are identical: 


na/ np = xalirp = PP“ /P% (14.8) 


where mv, and np stand for the number of moles of components A and 
B, respectively. As can be inferred from Eq. (14.8), the molar ratio 
of components A and B in the vapour and condensate phases is 
independent of the ratio between these components in the initial 
mixture. The weight ratio of the components in the condensate is 


ma/my = M,P4/(MpP) (14.9) 
If one of the components during steam distillation is water, then 
my.0 => mpi 8Ph.o/(MpP$) (14.10) 


15* 
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where my,o is the amount of steam necessary for distillation of mg 
kg of component B. If in Eq. (14.10) mp = 1 kg, then 

myo 18Ph1,0/(MsP$) (14.11) 


where my,0 is the amount of steam necessary for distillation of 1 kg 
of component B. 


Exercises 


1. At 313 K, the vapour pressures of dichloroethane and benzene are 
2.066 <= 104 and 2.433 x 10% Pa, respectively. What are the con- 


POSH, 
2 Pe 
0 C,H, Cl, 
~ 15 
., 
2 10 
a, 
0.5 
Fig. 20. Partial and total 
CoHe 10 08 O06 O04 O02 £0 vapour pressures versus com- 
0 02 04 06 O08 1.0 C,H,CI, position of a C,H,-C,H,Cl, 


Molar fraction system at 313 K 


clusions to be drawn from the following experimental partial pres- 
sures of dichloroethane and benzene at different concentrations: 


lCcHe 0.130 0.257 0.560 0.695 0.972 0.875 
Pouci, X 1074, Pa 14.791 1.507 0.933 0.664 0.429 0.247 
Poste X 10-4, Pa 0.292 0.648 1.347 1.663 1.933 2.140 


Determine the composition of a mixture that will boil at 2.267 x 
104 Pa. At what pressure will a mixture in which the mole percent- 
age of benzene is 40 boil? 

Solution. Plot pressure as a function of composition of the system 
at the constant temperature of 313 K (Fig. 20). On the X axis we 
shall have the molar fraction of dichloroethane, while plotted on 
the Y axis will be the vapour pressures of pure dichloroethane 
(Pé.u,c1,) and pure benzene (Pé,y4,). Draw a straight line from the 
point corresponding to Pé,y, to that corresponding to Pé,xy,c),, then 
do the same to connect the origin of coordinates to these two points. 
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This gives us the relationship between partial pressures and the com- 
position of the mixture. To be more specific, the straight lines show 
the dependence of the total and partial saturated vapour pressures 
over the binary system on its composition, provided the solution 
obeys Raoult’s law. The next step is to plot the points corresponding 
to the experimental values of partial pressures of the components 
and to the sum of these pressures. It can be seen from the plot that 
the solution may be considered as one obeying Raoult’s law or as 
an ideal solution, within the experimental error. The plot indicates 
that a solution in which the mole percentage of dichloroethane is 
62 will boil at 2.267 x 104 Pa, whereas a solution in which the mole 
percentage of benzene is 40 will boil at 2.200 x 10* Pa. 

2. The following partial pressures over a dichloroethane-ethanol 
system have been obtained at 323 K: 


Po. PceH,Cl Pc.H;0H PCgH4Cl 
*CaHs0H her oa Da 0-4. Pa *CaH;0H x10-4, Pa | xf0-4, Pa 
Q.1 4.139 2.860 0.6 2.155 2.464 
Q.2 4.773 2.740 0.7 2.260 2.249 
0.3 1.953 2.686 0.8 2.447 1.843 
0.4 2.025 2.652 0.9 2.672 1.147 
0.5 2.085 2.585 


The saturated vapour pressure at this temperature is 2.960 x 104 Pa 
over pure ethanol and 3.113 x 10* Pa over pure dichloroethane. 
Calculate the total pressure over the system at all given concentra- 
tions. Plot the partial and total saturated vapour pressures as a 
function of composition of the system. Draw the appropriate con- 
clusions as regards the nature of the solutions, the activity coeffi- 
cients of their components, the change in volume during mixing, and 
the heat of mixing. 

Solution. Proceeding from the partial pressures, calculate the total 
pressure over the system: 


<CgHsO0H 0.4 02 03 0.4 0.8 0.6 0.7 O08 0.9 
PX 10+, Pa 4.209 4.513 4.639 4.677 4.670 4.619 4.509 4.260 3.819 


Having the values of partial and total saturated vapour pressures 
at all given concentrations, plot P = f (%c,u,0n) (Fig. 21). It can be 
seen that the relations between the partial pressures of C,H,OH and 
C,H,Cl,, on the one hand, and the total pressure, on the other, are 
nonlinear. The experimental pressures for all compositions are higher 
than that calculated according to Raoult’s law. Consequently, the con- 
clusion is that the C,H,OH-C,H,Cl, solution is not ideal and departs 
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from Raoult’s law in the positive direction. The activity coefficients 
of the solution components exceed unity at all concentrations. 
Hence, when such a solution forms, its volume is greater than the 
sum of volumes of its components; the heat effect AH, is positive 
as heat is absorbed by the system during formation of the solution. 


P-10°* Pa 
4.8 
44 
4.0 
3.6 


o 3.2 
Po H, Cl, 


2.8 


Ya | ) 
C:HsCh 10 08 06 04 02 00 ee ees pete 
0.0 0.2 04 06 08 10C,HsOH tion of a C,H,Cl,C,H,OH 

Molar fraction system at 313 K 


3. The following values of partial saturated vapour pressure were 
derived in studying the equilibrium of a chloroform-diethyl ether 
system at 298 K: 


2CpH,0CeHs 0 0.2 O04 0.6 0.8 4.0 
Pootis0cgH, X 10, Pa 0.000 0.460 1.287 2.666 4.093 5.333 
Pcuci, X 10-4, Pa 1.933 1.480 0.920 0.460 0.165 0.000 


Plot partial and total saturated vapour pressures versus composi- 
tion of the solution. Draw the appropriate conclusions as regards the 
departure from Raoult’s law, the activity coefficients of the solution 
components at all concentrations, the change in volume during 
formation of the solution, and the heat of mixing. 
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Solution. Proceeding from the above partial pressures, calculate 
the total pressure and plot Pcuci, = f (2); Po.y,0c,8, = / (x), and 

— f (x), where z is the molar fraction of ether (Fig. 22). As indi- 
cated by the curves, the solutions do not obey Raoult’s law, no matter 
what their concentration is. The departure from Raoult’s law is 
in the negative direction. The negative deviation from linearity 
diminishes and tends to zero as the concentration of the solution 


P°10°* Pa 
6.0 


5.0 *(C2Hs)20 


CHCI,1.0 O08 06 04 02 OO 
00 02 04 06 O08 1.0(C;Hs),0 


Molar fraction 


Fig. 22. Partial and total vapour pressures versus composition of a CHCl;- 
(C,H;),0 system at 298 K 


component appreaches unity. The activity coefficients of the solution 
component is less than unity at all concentrations. Hence, when 
solutions form, their volumes are smaller than the sum of volumes 
of their components; heat is released during formation of the solutions 
(AA mix < 9). 

4. Plot the composition of the vapour phase versus that of the 
liquid phase for a dichloroethane-benzene system at 313 K if the 
following experimental values are known: 


2CgHe 0.1430 0.257 0.560 0.695 0.792 0.875 
PonH,cl, X 10-*, Pa 1.791 1.507 0.933 0.664 0.429 0.247 
Pogue, X 10-4, Pa 0.292 0.648 1.347 41.663 1.933 2.140 


At 313 K, the vapour pressure of dichloroethane and benzene are 
2.066 < 10* and 2.433 x 10* Pa, respectively. 

Solution. Use Eq. (14.1) to calculate the composition of the vapour 
phase, proceeding from a certain composition of the liquid phase. 
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Calculate the total pressure over the system as the sum of partial 
pressures according to Dalton’s equation: 


liq 0.1430 0.257 0.560 0.695 0.792 0.875 


7c,.H, 
lo, 0.140 0.301 0.590 0.715 0.819 0.896 
P xX 107-4, Pa 2.083 2.155 2.280 2.dat 2.262 2.387 


Proceeding from these results, plot the composition of the vapour 
phase versus that of the liquid phase: zQu, = f (zccu,) (Fig. 23). 
The plot suggests that the concentration of benzene is greater in 
the vapour phase than in the liquid one. The difference he!ween the 
compositions of the two phases 
provides the basis for separa- 
tion of two-component solu- 
tions. : 

ad. Analyse the phase state 
of a CCl,-C,H,OC,H; system, 
using the boiling-point dia- 
gram (Fig. 24). Analyse the 
process of heating of a system 
in which the mole percentage 
of CCI, is 50. 

Solution. Above the abc 
curve of composition of the 
saturated vapour all systems 
are in the vapour state. The 
systems are homogeneous and 
Fig. 23. Vapour phase composition versus one-phase. Below the adc curve 
that of the liquid phase for a C,H,- of composition of the boiling 

aay AIMEE SE BTY liquid all systems are ir: the 
liquid state. The systems are 

also homogeneous and one-phase. The systems between the abe and 
adc curves are heterogeneous and consist of two phases, i.e. liquid 
and vapour. To determine the compositions of the equilibrium phases, 
draw an isotherm through the point corresponding to a given 
state since the phases at equilibrium must have the same tempera- 
tures. Intersection of the isotherm with the ade curve of composition 
of the boiling liquid gives the composition of the liquid phase, which 
is determined using the X axis. Intersection of the isotherm with the 
abe curve of the saturated vapour gives the composition of the vapour 
phase. For example, the system in which the mole percentage of 
CCl, is 40 at 338 K is heterogeneous (pointe). [t contains two phases 
which are at equilibrium. One of the phases is a boiling liquid con- 
taining 50% CCl,, and the other is a saturated vapour containing 
24% CCl,. If the liquid system with 50% CCl, (point f) is heated to 
338 K, it will start boiling. The molar composition of the vapour 


1.0 


oo fo 9 
m= $jQW £6 


Molar fraction of Ce Hg 
in vapour phase 


ond 
S) 


0 02 04 06 O8 130 


Molar fraction of Cg He 
in liquid phase 
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at equilibrium with the boiling liquid will be 24% CCl,. The vapour 
contains less carbon tetrachloride than the liquid does. It is diethyl 
ether that passes primarily from the liquid phase into the vapour. 
Consequently, the liquid phase becomes depleted of C,H,OC,H,; 
and its composition changes, as indicated by the arrows in Fig. 24. 
At the same time, the composition of the vapour at equilibrium 
with the liquid phase also changes. The latter change is indicated 


I,K 
350 


340 


300 


Fig. 24. Boiling-point dia- 0 20 40 60 80 100 CCl, 
pie for a (C, H,),0-CCl, (C2H;)2,0 100 80 60 40 20 O 


system at 1.0133 x 10° Pa Mole percentage , % 


by arrows on the abc curve. At 342 K, the vapour and liquid phases 
will be at equilibrium. The molar compositions are 61% CCI, for 
the liquid phase and 35% CCI, for the vapour. The composition of 
the liquid and vapour phases as well as the phase equilibrium temper- 
ature will keep changing until the vapour composition becomes 
equal to that of the initial liquid (point f/f). At 354.4 K, the molar 
composition of the vapour will be 50% CCl,, and all of the liquid 
phase will evaporate. The system will become homogeneous. The 
molar composition of the last drop of the liquid will be 76% CC],. 
Subsequent heating will not affect the composition of the vapour 
phase. 

The cooling of the system with 50% CCl, will follow a reverse 
pattern. Let the molar composition of the initial system be 50% 
CCl,. At 350 K, this system (point g) is in the vapour state. As it 
cools down to 340.4 K, the system becomes heterogeneous and the 
first drop of liquid appears. Its molar composition is 81% CCl,. Since 
it is CCl, that passes predominantly from the vapour into the liquid 
phase, the vapour becomes depleted of CCl, and its composition will 
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change as indicated by the abc curve. The composition of the liquid 
phase at equilibrium with the vapour changes, too. This change 
follows the ade curve. As a result of changes in the liquid and vapour 
phase compositions, the liquefaction temperature is also altered. 
At 338 K, the composition of the liquid phase becomes equal to that 
of the initial vapour. At this temperature, the system becomes 
homogeneous and the last portion of vapour disappears. Further 
chilling will not affect the composition of the liquid phase. 

6. Determine the quantities of CCl, and C,H,OC,H; in the liquid 
and vapour phases (Fig. 24) if 1 kg of a system in which the mole 
percentage of CCl], is 50 is heated to 342 K. 

Solution. Calculate the quantities of the substances in the liquid 
and vapour phases, using the lever principle. Since the molar com- 
position is given as percentage in Fig. 24, use Eq. (14.9). First, 
determine the number of moles of the substance present in 1 kg 
of the system. To this end, calculate the mean molecular weight: 


Mmean = 104 x 0.54+ 74 x 0.5 = 114 
1 kg of the system contains 


1000/114 — 8.772 moles CCl, and C,H,OC,H, 


The molar compositions of the coexisting phases at 342 K are (%): 
liquid CCl, (61), liquid C,H,OC,H, (39), vaporous CCl, (35), vapor- 
ous C,H,OC,H,; (65). According to Eq. (14.5), 
nv = 8.772 (0.61 — 0.50)/(0.61 — 0.35) = 3.711 moles 
nliaq — 8.772 — 3.711 = 5.061 moles 


Knowing the composition of the phases, determine the number of 
moles of the components and their weight in each phase: 


Phase | n NCCl4 ccly K& | "CeH;,0CeHs wCaH,OCaHs, 
Liquid 5.061 3.087 0.475 1.974 0.146 
Vapour 3.711 1.299 0.200 2.442 0.179 


The sum will be: 0.475+ 0.200+ 0.146 +0.179 = 1.000 kg. 

7. Analyse the phase state of a CS,-CH,COCH, system, using the 
boiling-point diagram (Fig. 25). Analyse the process of heating of 
a system in which the mole percentage of CH,COCH; is 80. 

Solution. The CS,-CH,COCH, is characterized by departure from 
Raoult’s law in the positive direction. In the case of a positive 
departure from this law, the activity coefficients of the solution 
components exceed unity, the volume increases during formation of 
the solution, and heat is absorbed: AVy,, > 0, AHmyx > 0. 
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Above the abcde curve of composition of the saturated vapour 
the system is homogeneous, the only phase being vapour. Below the 
agcfe curve of composition of the boiling liquid the system is also 
homogeneous, the only phase being liquid. Between the two curves 
the system is heterogeneous, the liquid and vapour phases being at 
equilibrium. The vapour composition is determined from the abcde 


T,K 
330 


310 
; 0 20 40 60 80 100CH ) 
Fig. 25. Boiling-point diagram cg. 199 g9 60 40 20 O 3COCH, 
for a CS,-CH,COCH, system at : Nichi ciadasia tease 4 
1.0133 « 10° Pa percentage , 


curve, and that of the liquid is determined from the agcfe curve. 
Point c corresponds to the azeotropic mixture and is characterized 
by identical compositions of the liquid and vapour phases. 

What happens when a system in which the mole percentage of 
CH,COCH; is 80 is heated? Up to 317.5 K, the system is homogeneous- 
ly liquid. At 317.5 K, the system starts boiling. The molar composi- 
tion of the vapour is 62% CH,COCHs3. Since the vapour contains more 
carbon disulphide than the liquid does, the latter becomes depleted 
of carbon disulphide and its composition changes. At the same time, 
the boiling point of the liquid changes, too. The change in the com- 
position of the liquid phase brings about a change in that of the 
saturated vapour at equilibrium with the liquid. The changes in 
phase compositions and temperature are indicated by arrows in the 
diagram. At 323.7, the vapour phase becomes equal in composition 
to the initial liquid system. At this temperature, the last drop of the 
liquid phase disappears. Its molar composition is 94% CH,COCHs3. 
The system then becomes homogeneous, and the vapour becomes 
heated without any change in the composition of the system. 

As the system cools down, the boiling-point diagram shows reverse 
changes in the phase state of the system. At 323.7 K, liquefaction of 
the system begins. The molar composition of the first drop of liquid 
is 94% CH,COCH,. It is acetone that passes predominantly from 
the vapour into the liquid phase. This means that carbon disulphide 
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becomes predominant in the vapour phase. The vapour composition 
and the condensation temperature change. At the same time, the 
composition of the liquid phase at equilibrium with the vapour 
changes, too. At 317.5 K, the liquid phase becomes equal in com- 
position to the initial vapour phase. The liquefaction process is over, 
and the system becomes homogeneous. 

8. Determine the component and its amount to be added to a 
CS,-CH,COCH, system with 80% (mol.) CH;COCH, so as to obtain 
an azeotropic mixture with 37% (mol.) CH,COCH;. The weight 
of the system is 1 kg. 

Solution. The initial mixture contains less carbon disulphide than 
the azeotropic one. Consequently, in order to obtain an azeotropic 
mixture from theinitial system carbon disulphide must be added 
to it. First, calculate the number of moles in 1 kg of the initial 
system. To do this, determine the mean molecular weight of the 
initial solution: 


Mimean = 76 X 0.2 +58 x 0.8 = 61.6 


1 kg of the solution contains a total of 1000/61.6 = 16.234 moles or 
16.234 x 0.8 = 9.787 moles CH3,COCH, and 16.234 x 0.2 = 
3.247 moles CS,. Since it is carbon disulphide that has to be added, 
the number of moles of acetone in the system will remain invariable, 
and 9.787 moles of acetone in the azeotropic solution will constitute 
37%. The remaining 63% will be carbon disulphide: 


9.787 moles—.37% 


l B3% x= 9.787 x 63/37 = 16.664 moles of carbon 
— disulphide 


The solution contains 3.247 moles of carbon disulphide. Consequent- 
ly, the amount to be added is 16.664 — 3.247 = 13.417 moles or 
1.020 kg GS,. 

9. Determine the component and its amount to be isolated from 
1 kg of a system in which the mole percentage of CH,COCH; is 80 
(Fig. 20) by rectification in the pure form. 

Solution. To determine the number of moles of acetone and carbon 
disulphide in 1 kg of the system use the diagram in Fig. 25: 


ntcs, = 3.247 moles, NcH,COCH; — 9.787 moles 


Since the stated composition is to the right of the azeotropic point, 
only acetone can be isolated by rectification in the pure form. All 
of carbon disulphide (3.247 moles) will pass into the azeotropic 
mixture in an amount of 63% (mol.). Acetone will account for the 
remaining 37% in the azeotropic solution: 


3.247 moles—63% 


x moles—37% ~ 3.247 x 37/63 = 1.907 moles 
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Consequently, the azeotropic mixture will receive 1.907 moles of 
acetone, whereas isolated in the pure form can be 9.787 — 1.907 = 
7.880 moles or 7.880 * 58 x 107% = 0.457 kg of acetone. 

10. Determine the activities and activity coefficients of carbon 
disulphide and acetone in a CS,-CH;,COCH, solution whose molar 
composition is 80% CH,COCH, (Fig. 25) at 317.9 K. 

Solution. The activities of the components can be determined 
with the aid of Eq. (14.3). The total pressure is constant and equal 
to 1.0133 x 10° Pa. To determine the saturated vapour pressure 
over the pure substances use Eq. (42.8): 


__ AHevap 1 4 
log pr = 33036R \F 7} 

Given the saturated vapour pressures at two temperatures, calculate 
the heat of evaporation: 


AHevap — ToT) log P$ 
2.3026R  Te—Ty po 


Find the saturated vapour pressure in the handbook. Determine the 
saturated vapour pressure over the pure substance at a third tem- 
perature: 


log P3 = log P{ + AHevap (=--z-) = log P{ 


5.3026R \T, Ts 
Ty (T,—T) l P? 
——————— [oo —- 
TFe(Pg—T,) °8 Ps 
Tabulate the results: 
Substance | P2Xx1075, Pal 7, K {P)xi0-°, Pal ro kK | Ts, K | P§X10-5, Pa 


CH,COCH, 0.5333 312.7 1.0133 329.7 | 317.5 0.6376 
CS, 0.5333 3041.2 t.0133 319.7 | 37.5 0.9121 


To determine the composition of the vapour phase use the boiling- 
point diagram (Fig. 25): 
Ics, = 0.38. xcH,cocu, = 0.62 
acs, = 0.38 x 1.0133 «x 105/(0.9121 x 10°) = 0.422 
Ycs, = 0.422/0.200 = 2.11 
Acu.cocH, = 0.62 x 1.0133 x 105/(0.6376 « 10°) = 0.985 
YCH,COCH; == 0.985/0.800 = 1.231 
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141. Butanol is finitely soluble in water. Analyse the phase state 
of a C,H,OH-H,O system, using the phase diagram (Fig. 26), at a 
constant pressure exceeding those of the saturated vapour over the 
pure components and the system as a whole. Follow the change in 
the phase state during cooling of a system in which the weight 
percentage of C,H,OH is 68. 

Solution. Since the external pressure exceeds the saturated vapour 
pressure over the system, it will not boil. 

Consider first the phase state of the systems. Above the a6 curve 
all systems are homogeneous, the one phase being a liquid solution 
consisting of water and butanol. The systems under the a6 curve 
are heterogeneous and comprise two liquid phases. The aK curve 


T,K 
400 
390 
380 
370 
360 
350 
340 
330 
320 
310 


0 20 40 60 80 §=«100 C,H,OH 
H,0 100 80 60 40 20 =O 
Weight percentage, % 


Fig. 26. Phase diagram for an H,O-C,H,OH system with limited solubility 
of components 


corresponds to the compositions of butanol solutions in water, and 
the bK curve corresponds to those of water solutions in butanol. To 
determine the compositions of the liquid solutions coexisting in the 
state of equilibrium, draw an isotherm through the point correspond- 
ing to a particular composition at a given temperature. [ntersection 
of the isotherm with the aK and 5K curves gives the compositions 
of the solutions. 

When a system containing 68% (wt) C,H,OH is cooled down to 
370 K, it becomes homogeneous. A second liquid phase appears at 
3/0 K, and the system separates into two solutions. The composition 
of the new phase is 10% (wt) C,H,OH. As the system is cooled, it 
becomes less soluble. The compositions of the phases at equilibrium 
change as indicated by the arrows in the diagram. At 300 K, the 
weight percentage of C,H,OH in the phases is 6 and 74, respectively. 
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42. Check whether Alekseev’s straight diameter law applies to 
the butanol-water system of Fig. 26. 

Solution. If the lines connecting the points at which the isotherms 
of 350 and 370 K are intersected by the aK and O&K curves are divided 
in two and a straight line is drawn through the centres c and f, this 
line will pass through similar centres e, d, and so on and cross the 
phase equilibrium curve at the critical point K. 

13. Determine the amounts of H,O and C,H,OH in solutions 
of butanol in water and water in butanol if 1 kg of the system con- 
taining 68% (wt) C,H,OH is cooled down to 350 K. 

Solution. The amounts of the coexisting phases are to be determined 
according to the lever principle. Since plotted on the X axis is weight 
percentage, the lever principle is given by Eq. (14.4). To determine 
the compositions of the coexisting phases at 350 K use the diagram 
of Fig. 26. 


Weight percentage 


Phase Curves 
H2O0 C4H OH 
{st ak 94 6 
2nd bK 26 74 


m,/m = (74 — 68)/(74 — 6) 


where m, is the weight of the 1st phase and m is the total weight 
of the system; m=1 kg; m, = 0.088 kg; m, = 1 — 0.088 = 
0.912 kg. Hence, the weights of water and butanol in the 1st and 
2nd phases will be: 


Weight, ke 
Phase 
C4HsOH HeO 
ist 0.088 x0 .06=0.0053 0.088 *0.94=—0.0827 
2nd 0.912x0.74=0 .6749 0.912«0.26=0.2371 


The total weight of the system is 0.0053 + 0.0827 + 0.6749 + 
0.2371 = 1.000 kg. 

14. Plot approximately the saturated vapour pressure versus the 
composition of the C,H,OH-H,O system at 350 K, proceeding from 
the phase diagram of Fig. 26. Calculate the activity and activity 
coefficient of H,O in the coexisting phases at 350 K. 
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Solution. According to the Clapeyron-Clausius equation (42.8) 
and the values given in the handbook, the saturated vapour pressure 
over pure butanol at 350 K will be as follows: 


T, K 343.3 357.5 
P%, son X 10°, Pa 0.1333 0.2666 
T1(Ts—T1) ,_.. P3 
log P§ = log P} + ———*—*+ log — = 4.1248 
ge = ORT TT) oP 


343.3 (350 — 343.3) ig 0.2666 x 10° 


a oe 
+ SETS aEsay 98 asaseior = 4-2641 P= 1.8370 x 104Pa 


Find the saturated water vapour pressure in the handbook: at 350 K, 
P® = 4.2064 x« 10% Pa. 

Convert the weight percentages for the phases in the heterogeneous 
region at 350 K into molar fractions: for the water layer, 6% C,H,OH 


P-10°*Pa 
5.000 r 
PHO 
4.000 }: 
3.000 


P otal “a 


2.000 H 
1.000 


0.000 
H;00 0.1 0.20.30.4 0.50.6 0.7 0.80.9 1.0 C4H,OH 
Molar fraction 


Fig. 27. Partial and total pressures versus composition of an ",0-C,H,OH 
system with limited solubility at 350 K 


correspond to z¢.u,0H = 0.0153; for the alcohol layer, 74.0% C,H,OH 
correspond to zc,4,0H = 0.4091. Plot (Fig. 27) Pé.y.on = 1.8370 X 
10* Pa for z¢,4,0H = 10n the Y axis. Connect this point to the origin 
of coordinates %c.H,on = 9 by a dashed line which represents the 
relationship between the partial pressure of butanol and composition, 
obeying Raoult’s law. 

Similarly, plot Py. = 4.2064 = 10* Pa for zc.n4,0H = 0 on the 
Y axis. Draw a dashed line to connect this point with the origin of 
coordinates %¢,4,0H = 1. This line obeys Raoult’s law and repre- 
sents the relationship between the partial pressure of water and 
composition. Since according to the first condition of selecting 
the standard state y +1 at x +1, it may be assumed approximately 
that in the homogeneous regions the relations P; = f (x;) coincide 
with those obeying Raoult’s law. In Fig. 27, this corresponds to 
the portions P§;,o@ and Pé.y,on8. Since the partial pressures of the 
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components above the heterogeneous region are independent of 
concentration, draw horizontal straight lines ac and bd from points 
a and b. Then the partial pressure relations in the homogeneous region 
become complex but the curves representing them must be convex 
upward. Plot approximately these curves (de and cf). 

The total pressure equals the sum of partial pressures. Draw the 
line representing the relationship between the total pressure over 


P-107* Pa 
11.00 
10.00 
9.00 
8.00 
7.00 
6.00 
5.00 
4.00 
3.00 
Fig. 28. Saturated vapour pressure 2.00 
versus temperature for C,H,CH 


7), H,O (2), and H,O-C,H-CH 1.00 
= Ie (3) — 330 340 350 360 370 T\K 


the system and its composition: PiomnPon,on- The total pressure 
over the heterogeneous system will be constant and equal to 4.894 x 
10* Pa. This means that the compositions from 0.0153 to 0.4091 
C,H,OH at 4.894 x 104 Pa will boil at 350 K. 

With the H,O concentration being 1 — 0.0153 = 0.9847, the 
activity of water is numerically equal to the concentration, that is 
ay,0 = 0.9847, and the solution obeys Raoult’s law. The activity 
coefficient of water is y’ = 0.9847/0.9847 = 1. Since the chemical 
potential of water in equilibrium phases is the same, then 


Pi,0= PH, + AT In Ly,0-+ RT \n VH.0 = Vio + ART In LH.O 

+ RT In VH,O 
Consequently, the activity coefficient of water in a solution where 
the concentration of the latter is (1 — 0.4091) = 0.5909 will be 
yH,o = 0.9847/0.5909 = 1.6664. The activity coefficient exceeds 


unity, the departure from Raoult’s law is positive: AV mix >> 0: 
AA wix > Q. 


16—0878 
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15. To purify toluene it is subjected to steam distillation at an 
external pressure of 9.932 x 104 Pa. At what temperature will the 
system boil if toluene is virtually insoluble in water? Use the follow- 


ing data for the calculation: 
t 


T, K 333. 343353) 363s 57 
P%,  X 10-4, Pa 2.058 3.2149 4.893 7.244 10.469 


P%. 5 cy, X 10-4, Pa 1.860 2.698 3.862 5.394 7.429 


Solution. Plot the temperature dependence of the saturated vapour 
pressures of water (1) and toluene (2) (Fig. 28). Adding up the pressures 

‘7.90 and Pé.n,cu, according to Eq. (14.6) gives the total saturated 
vapour pressure over the heterogeneous system (3). Use the plot to 
find the temperature at which the saturated vapour pressure over 
the heterogeneous system becomes equal to the external pressure 
of 9.932 x 104 Pa. The system will boil at 358.3 K. 

16. Proceeding from the temperature dependence of the saturated 
vapour pressure (Fig. 28), calculate the amount of steam necessary 
for distillation of 1 kg of toluene at an external pressure of 9.932 x 
107 Pa. 

Solution. Use the plot to find the saturated vapour pressures of 
toluene and water at 358.3 K. They equal 4.800 x 10* Pa for toluene 
and 6.200 « 10* Pa for water. According to Eq. (14.11), to distill 
1 kg of toluene will require the following amount of steam: 


mu.o = 6.200 x 104 x 18/(4.800 x 104 x 92) = 0.253 kg 


Problems 


1. The solution of benzene in toluene may be considered ideal. At 
300 K, the saturated vapour pressure is 1.605 x 104 Pa over benzene 
and 0.489 « 10* Pa over tcluene. Plot the partial pressures of ben- 
zene and toluene as well as the total pressure over the benzene-toluene 
system versus the molar composition of the solution expressed in 
fractions. Determine the vapour pressure over a system containing 
30% (mol.) benzene. What will be the partial pressure and total 
pressure over a solution containing 0.1 kg ‘of each substance? Cal- 
culate the change in entropy and free energy during formation of 
one mole of a solution in which the mole percentage of benzene is 
30 at 300 K. 

2. The experimentally determined partial pressures over an 
acetone-chloroform system at 308.2 K, as a function of composition, 
are as follows: 

<CHC)s 0.0 0.2 0.4 0.6 0.8 1.0 

Pcuci, X 1074, Pa 0 0.453 1.093 1.973 3.000 3.906 

PcH3COCH; x 10-4, Pa 4.586 3.600 2.440 1.360 0.560 0 
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Proceeding from these values, plot the partial and total pressures 
over the system versus its composition. Compare the found relations 
with those for solutions obeying Raoult’s law. Determine the total 
pressure at which a system with 50% (mol.) chloroform will boil at 
308.2 K. At what pressure would the system boil if the solution 
were ideal? 

3. The experimentally determined partial pressures over an ace- 
tone-carbon disulphide system at 308.2 K, as a function of composi- 
tion, are as follows: 


XCSp 0 0.2 0.4 0.6 0.8 1.0 
Pos, X 10-4, Pa 0 3.733 5.040 5.666 6.133 6.826 
Pcu,cocn, X 10-4, Pa 4.586 3.866 3.400 3.066 2.533 0 


Plot the partial and total pressures over the system versus its com- 
position in molar fractions. Compare the resulting relation with that 
for ideal solutions, derived in accordance with Raoult’s law. Deter- 
mine the compositions of the system at which the total vapour pressure 
over it at 308.2 K will be 8.5 x 10* Pa. What would be the pressure 
over the system if the solution were ideal? 

4. Calculate the total vapour pressure over a system containing 
0.078 kg of benzene and 0.076 kg of carbon disulphide, at each of 
the temperatures given below, if the solution is assumed to be 
ideal: 


T, K 293 313 353 
P27 X 10-4, Pa 1.020 2.466 10.066 


P%.. X 10-4, Pa 3.960 8.226 27.064 


The total pressures determined experimentally at these tem- 
peratures are 2.746 x 104, 5.760 « 10%, and 19.665 x 104 Pa, 
respectively. Calculate the deviations from the pressure over an 
ideal solution for each temperature. When is the behaviour of the 
solution closer to ideal—at a higher or at a lower temperature? 

5. Plot the content of benzene in the vapour phase versus that 
in the liquid phase. Determine the benzene content in the vapour 
phase if its mole percentage in the liquid phase is 40. Benzene and 
toluene form solutions closely approaching ideal ones. At 293 K, 
the benzene and toluene pressures are 1.020 x 104 and 0.327 x 
104 Pa, respectively. 

6. The vapour pressures of substances A and B at 323 K are 
4.666 x 104 and 10.132 x 10* Pa, respectively. Calculate the 
composition of the vapours at equilibrium with the solution assum- 
ing that the solution formed by mixing 0.5 mole A with 0.7 mole B 
is ideal. 

7. Calculate, in meler fractions, the composition of a solution 


boiling at 373 K and 10.133 x 10* Pa if CCl, and SnCl, form ideal 


16* 
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solutions. The CCl, and SnCl, vapour pressures at 373 K are 19.332 x 
104 and 6.666 «x 104 Pa, respectively.. Determine the composition 
of the first vapour bubble in molar fractions. What will be the com- 
position of the last drop of the liquid if the solution evaporates 
completely? 

8. Calculate the composition of the vapours over a solution 
containing 0.5 mole of benzene and an equal amount of toluene from 
the following temperature dependence of the saturated vapour pres- 
sure for benzene and toluene: 

T, K 330 8 8=6350 380 420 
Po X 10-4, Pa 5.2 9.3 24.355 .S 


Po, on, X 10-4, Pa 1.6 3.8 9.3 25.8 


is Vrevsky’s first law applicable here? Assume that the solution is 
ideal. 

9.* Assuming that the solution of n-heptane and n-octane is ideal, 
draw its boiling-point diagram proceeding from the heats of evapora- 
tion and boiling points given in the handbook. 

10. What quantities of vapour and liquid phase will be at equilib- 
rium if 1 kg of a C,H,OC,H,-CCl, solution with 30% (mol.) CCl, 
is heated to 333 K? The molar composition of the liquid phase is 
37% CCl, and that of the vapour is 16% CCl,. The boiling-point 
diagram can be found in the handbook. 

11. What component and in what amount is to be added to 1 kg 
of an HNO,-H,O system containing 60% (mol.) HNO, in order to 
obtain an azeotropic mixture? The boiling-point diagram can be 
found in the handbook. 

{2. The partial pressure of CH,OH over its aqueous solution with 
LCH,OH = 0.25 is 12.5 x 10° Pa at 313.1 K and 30.5 x 10° Pa at 
332.6 K. Determine the partial molar heat of evaporation of CH,0H 
from a solution with zcy,oH = 0.25. 

13. Determine the partial molar heat of solution of CH;OH in 
a CH;0OH-H,O solution with zey,oH = 0.25 at 332.6 K if the molar 
heat of evaporation of CH;,OH from a CH,OH-H,O solution with 
tcu,oH = 0.25 at 332.6 K is 39.6kJ/mole. Find the heat of evapora- 
tion of pure methanol in the handbook. 

14. Prove that in an azeotropic solution yy = P/P4& and yp = 
P/P%, where P is the total pressure over the system; ya, yp, P4, 
and P corresponding to the boiling point of the azeotropic solution. 

15. Determine the activity coefficients and activities of CCl, and 
C,H,OH in a solution with 2c), = 0.63 at 337 K. The total pressure 
is 10.133 x 10* Pa. Find the necessary data in the handbook. The 
boiling-point diagram of the CCI,-C,H;OH system find in the hand- 
book. 

{6*. Formic acid and water form an azeotropic solution with 
Zy090 = 0.467 at 380.8 K. The total pressure is 10.133 x 10* Pa. 
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Determine the activity coefficients and activities of formic acid and 
water in the azeotropic solution. The heat of evaporation of formic 
acid is AHycoon = 22.24 kJ/mole at 7,5. = 373.9 K. The heat 
of evaporation of water at 7,.n. is AHy,o = 40.66 kJ/mole. Deter- 
mine whether the departure of the system from Raoult’s law is positive 
or negative. 

17. During steam distillation of bromobenzene the boiling starts 
at 10.133 x 10* Pa and 368.3 K. Bromobenzene is almost insoluble 
in water, while the partial pressures of water and bromobenzene at the 
above temperature are 8.519 x 10% and 1.613 x 104 Pa, respectively. 
Calculate the amount of bromobenzene passing into the distillate 
together with 1 kg of water. 

18. The vapour pressure over a system consisting of two immiscible 
liquids, aniline and water, is 9.999 =x 10* Pa at 371 K. The water 
vapour pressure at this temperature is 9.426 x 10* Pa. How much 
water is to be taken for distillation of 1 kg of aniline at an external 
pressure of 9.999 x 107 Pa? 

19. The saturated vapour pressure over a system consisting of 
two immiscible liquids, diethylaniline and water, is 10.133 x 104 Pa 
at 372.4 K. How much steam is required for distillation of 0.1 kg 
of diethylaniline if the water vapour pressure at this temperature is 
9.919 « 10% Pa? 

20. Determine the amount of steam necessary for distillation of 
0.1 kg of naphthalene at normal pressure. At what temperature 
will the distillation take place? Use the relation P = f (7) for the 
calculation: 


T, K 368 369 3/0 341 372 343 
Pio x 10-4, Pa 8.454 8.767 9.094 9.430 9.775 10.132 


P2 4, X 10-4, Pa 0.203 0.211 0.221 0.233 0.245 0.260 


Naphthalene is virtually insoluble in water. 
Zi. The temperature dependence of the saturated vapour pressure 
(Pa) of furfural is given by the equation 


log P = 10.084 — 2209/7 


Determine the temperature at which steam distillation of furfural 
will take place at normal pressure. Determine the amount of steam 
necessary for distillation of 1 kg of furfural. Find the temperature 
dependence of the saturated water vapour pressure in the handbook. 
Furfural is barely soluble in water. 


Multivariant Problems 


1. The temperature dependence of the compositions of a liquid 
phase and the vapour at equilibrium with the latter at a constant 
pressure is known for a binary A-B system. The molar composition x 
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we Mole percentage of A 
5 System Px1074, Pa | x-Jliquid|y—vapour| 7) * 
= phase phase 
1|/A=HNO, 10.133 0.0 0.0 373 
B= H,O 8.4 0.6 379.5 
12.3 1.8 380 
22.1 6.6 391.9 
30.8 16.6 394 .6 
38.3 38 .3 394.9 
40.2 60.2 394 
46.5 79.9 394 
03.0 89.4 389 
61.5 92.4 372 
100.0 100.0 357 
2|A=—HNO, 10.79 0.0 0.0 391 .1 
B= CH,COOH 10.0 3.0 395.1 
20.0 8.0 399.5 
33.3 34.0 401 .6 
40.0 47.0 400.3 
90.0 82.0 393.3 
60.0 96.0 378 
100.0 100 .0 308.3 
3|A=—HF 10.133 4.95 0.8 374.6 
B= H,0 9.2 1.8 375.8 
18.9 6.4 379.8 
22.8 10.6 381.4 
21.9 17.8 383.3 
33.8 30.5 384.7 
34.4 32.1 380 .0 
30.8 35.8 38D .4 
39.7 47.95 384 .4 
44.4 63.3 381 .7 
00.3 81.0 374.7 
02.2 86.2 371.9 
06.0 92.2 365.9 
98.2 95.8 309 .6 
61.7 98 .9 302.0) 
79.8 99.2 318.1 
87.9 99.95 306.5 
100.0 100.0 292.4 
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(Table continued) 


Mole percentage of A 


E System Px1073, Pa | x_ liquid | y-vapour Tr, K 
w phase phase 
> 
4 | A=H,0O 10.133 0.0 0.0 435.0 
B — C,H ,O- (furfural) 2.0 0.0 431.8 
4.0 19.0 427.8 
6.0 36.0 419.0 
8.0 68.0 395.5 
10.0 81.1 382.5 
20.0 89.0 373 .6 
30.0 90.5 371.7 
20.0 90.8 370.9 
90.8 91).8 37(0).9 
96.0 90.8 370.9 
98.0) 92.0) 371.4 
99.0 94.9 371.6 
100.0 100.0 373.0 
mn eee 
o | A=H,0 10.133 3.9 26.7 384.5 
B = €,H490 (n-butanol) 4.7 29.9 383 .6 
2.0 32.3 382.6 
7.0 30.2 381 .8 
29.7 62.9 o10 9 
27.5 64.4 370.2 
29.2 65.5 369.7 
30.5 66.2 369.3 
49.6 73.6 366.5 
20.6 74.0 366.4 
0.2 13..0 365 .9 
o7.7 79.0 365.8 
97.5 79.2 369.7 
98.0 79.6 366.0 
98 .8 80.8 366.7 
99.2 84.3 368 .4 
99.4 88 .4 369.8 
99.7 92.9 371.7 
99.9 98 .1 372.9 
i 
6 | A=H,0 10.133 13.5 40.4 | 370.8 
B = C,H,,0 (iso-butanol) 15.0 42.0 370.4 
15.9 43.7 369.6 
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(Table continued) 


Mole percentage of A 


= 
= System Px10-4, Pa | x_ liquid | y—vapour T, K 
= phase phase 
6}A—H,0 10.133 i7a2 44.6 369.0 
B = €C,H,,0 (iso-butanol) 39.7 62.6 363.3 
40.5 63.3 363 .2 
06.4 66.0 362.9 
60.5 66.7 362.4 
67.0 67.0 362.2 
97.5 67.2 362.5 
97.8 67.3 363.1 
98 .6 71.4 364.5 
99.1 78.2 366.4 
99.8 95.7 371.9 
7 |A=H,O 10.246 0.0 0.0 377.5 
B= C,H 4.0 (2-methy]1-3-bu- 18.9 42.7 367.8 
tyl-2-ol) 34.2 99.3 369.3 
03.8 63.4 364.3 
66.7 65.7 364.1 
79.7 66.9 364.2 
82.4 67.5 364.25 
87.5 68.4 364.3 
91.6 69.4 364.4 
94.9 70.3 364.8 
97.7 fond 366.4 
99.5 91.0 369.0 
100.0 100.0 373.3 
§ | A=CS, 10.133 0.0 0.0 329.2 
B=CH,COCH, 1.9 8.3 327.0 
4.8 18.95 324.4 
13.4 30.1 319.6 
18.6 44.3 317.0 
29.1 02.8 314.4 
38 .0 07.4 313.3 
44.8 09.8 312.8 
53.6 62.7 312.3 
69.3 66.1 S124 
78.9 70.5 312.3 
87.9 76.0 313.5 
96.8 88.6 316.5 
100.0 100.0 319.3 
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(Table continued) 


Mole percentage of A 


= 
= System Pxi0~4, Pa | x-liquid |y-vapour| JT. K 
= phase phase 

9 | A=CH,0H 10.133 0.0 0.0 | 349.7 

B=CCl, 0.2 2.0 | 349.1 

0.4 12.0 349.4 

se 24.2 340.6 

Doseh 26.4 339.9 

3.0 38.3 339.0 

apg! 44.5 332.4 

10.7 49.0 330.2 

12.4 00.0 330.0 

24.8 02.2 329.3 

40.1 o3.7 328.8 

45.3 04.4 328.8 

55.0 50.2 327.7 

56.6 D0 .2 328.7 

72.5 09.1 329.0 

76.4 60.3 329.4 

81.3 63.0 329.8 

83.8 64.9 330.4 

88.3 69.6 | 331.2 

91.8 79.3 332.9 

94.8 82.3 | 333.9 

97.9 91 .0 330 .8 

99.3 96.7 | 337.1 

100.0 | 100.0 | 337.7 
i ee 

10 | A> CH,OH 9.670 0.0 0.0 301 .6 

B=C,H, 2.4 17.5 341 .2 

3.6 30.4 336.9 

4.7 43.9 339.3 

og of .1 330.7 

6.3 03.4 330.3 

9.2 04.6 329.8 

24 9 09.9 329.4 

64.5 64.5 329 .4 

78.9 66.6 329.9 

84.7 71.3 330) .6 

90.2 771 330.3 

94.1 84.4 332.6 

98 .3 93.6 334.9 

100.0 100.0 336.1 
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(Table continued) 


Mole percentage of A 


1 
= System Px10-4, Pa | x—-liquid | y— vapour T, K 
a phase phase 
Le ee Sea Lic cAeaniees Sere 
414 | A=CH,OH 10.133 0.0 0.0 | 363.2 
B=C,H, 2.8 31.0 | 342.4 
5.0 39.5 | 339.8 
5.7 42.0 | 338.7 
9.0 48.5 | 334.4 
11.8 56.5 | 332.0 
27.0 57.5 | 334.0 
44.0 58.5 | 330.8 
58.6 61.0 | 330.7 
69.5 62.5 | 330.6 
81.7 65.5 | 331.4 
88.3 70.0 | 331.9 
90.2 73.0 | 332.9 
94.5 82.2 | 333.2 
96.8 90.0 | 335.4 
98.8 94.2 | 336.4 
12 | A —CH,OCH, 10.000 0.0 0.0 } 352.8 
B = CgH 4.0 15.1 348.2 
| 15.9 35.3 | 342.5 
29.8 40.5 | 341.5 
42.1 43.6 | 340.8 
53.7 46.6 | 341.0 
62.9 50.5 | 341.4 
71.8 54.9 | 342.0 
79.8 60.6 | 343.3 
87.2 68.3 | 344.8 
93.9 78.7 | 347.4 
100.0 | 100.0 | 3541.4 
143 |A=CH,COCH, 10.433 0.0 0.0 } 337.7 
B =CH,OH 4.8 14.0 | 335.9 
17.6 31.7 | 333.4 
28 .0 42.0 | 331.3 
40.0 51.6 | 330.2 
60.0 65.6 | 329.1 
80.0 80.0 | 328.6 
90.0 94.0 | 328.8 
99 .0 97.0 | 329.4 


100.0 100.0 329.5 
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(Table continued) 


Mole percentage of A 


< System PX1074, Pa x— liquid |y—-Vvapour T, K 
ws phase phase 
> 
14 | A=CH,COCH, 9.760 0.0 0.0 | 332.9 
B = CHCl, 7.9 6.0 | 333.3 
14.3 11.6 334.2 
18.6 16.0 334.8 
26.6 23.9 335.2 
39.4 39.4 330.4 
46.2 52.0 330.0 
03.6 09.8 334.3 
61.8 69.8 333.3 
71.5 79.2 331.9 
77.0 84.8 331.2 
82.1 90.4 330.2 
91.5 95.4 329.0 
100.0 100.0 | 328.2 
—_—-~-- 
15 |} A~CH,COCH, 10.000 0.0 |, 0.0 | 334.3 
B= CHCl, 18.6 10.3 | 336.0 
34.0 31.8 336.8 
46.8 o1.5 336 .4 
o7.8 65.2 330.2 
67.3 79.¢ 334.0 
79.5 83.2 332.9 
82.7 89.0 331.8 
89.2 93.6 330.8 
94.9 97 .3 330.0 
100.0 100.0 329.0 
eee 
16 |} A=C,H,0 10.133 0.0 0.0 373.0 
B= H,0 1.0 11.0 | 368.0 
2.0 21.6 365.0 
4.0 32.0 363.5 
6.0 35.1 362.3 
10.0 37.2 361.5 
20.0 39.2 361 1 
30.0 40.4 360.9 
40.0 42.4 360.8 
00.0 45.2 360 .9 
60.0 49.2 361.3 
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(Table continued) 


Mole percentage of A 


E System Px1074, Pa | x—~Jiquid |y-vapour| J: K 
= phase phase 

16 |} A=C,H,O 10.133 70.0 oo. 1 362.0 

B=H,0 80.0 64.4 363.5 

85.0 70.4 364.5 

90.0 77.8 365.8 

96.0 90.0 367 .0 

100.0 100.0 370.3 

17 | A=C,H,,0 (diethyl ether) 0.668 0.0 0.0 325.6 

B= C,H,.0, (butyl acetate) 18.0 2250 324.5 

28 .2 32.2 324.1 

39.5 36.3 323.8 

37 .0 37.0) 323.7 

43.5 41.6 323.8 

59.4 20.4 324.2 

76.5 64.5 329.3 

86.8 75.2 326.5 

92.1 83.3 327.7 

100.0 100.0 329.4 

18 | A=C,H,,0 (diethyl ether) 2-200 0.0 0.0 303 .6 

B= C,H,,0, (butyl acetate) 16.1 21.0 301.2 

31.3 37.9 349.9 

47.4 47.9 349.4 

61.3 07.8 349.5 

77.7 70.0 350.2 

87.3 80.7 o01 .3 

100.0 100.0 303.3 

19 | A~C,H,,0 (diethyl! ether) 10.133 0.0 0.0 399.0 

B = C,H ,.02 (butyl acetate) 21.9 33.4 394.2 

37 .2 48.2 391.9 

51.4 08 .0 390.9 

66.4 69.2 390.4 

72.2 74.1 389.9 
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x-liquid 


Dhase 


293 


(Table continued} 


y- Vapour 
phase 


ark G) to b= 
KH COOnrmn HF SG WO DOO CO OS 
eo @ 8 @ @&@ @ @ @ @ @  @ 
OnNN OY LY KEN OC CO D 


o> x On 


Mole percentage of A 


& System Px10-4, Pa 
S 
Ee 
20 | A=CHCIl, 10.100 
B= CH,CH,OH 
22 |A=CCl, 9.140 
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(Table continued) 


Mole percentage of A 


System Px10-4, Pa x—-liquid | y— Vapour T, K 


phase phase 


Variant 


69.3 67.9 344.8 
79.2 76.0 3495.1 
89.4 87.1 340 .6 
100.0 100.0 346.4 


221}A=CCl, | 9.140 
B = C,H,0, (ethyl acetate) 


76.9 76.9 ee ee 9 


23 | A=C,H,CH, 10.133 0.0 0.0 381 .0 
B = iso-C,H,,0 (iso-butanol) 6.6 13.4 378.2 
11.4 21.8 376.6 

15.0 26.7 375.8 

21.4 33.4 374.9 

33.3 42.1 374.2 

35.5 44,2 374.1 

44.1 48.0 373.8 

55.0 53.6 373.5 

58.8 54.4 373.6 

63.8 57.0 373.4 

68.2 59.8 374.4 

76.2 64.1 374.9 

80.3 67.4 375.5 

84.4 71.2 376.3 

87 .0 73.6 376.8 

89.7 77.3 77a 

96.5 87 .0 380.2 

100.0 100.0 | 383.4 

24 7 rrr rr ee ee 10.133 0.0 0.0 337 .6 
roethane) Q.7 D.4 336.4 
B=CH,0OH 2.1 13.8 339.9 
2.8 16.8 333.5 

2.8 30.4 329.5 

11.2 45.2 395.3 

13.4 48.5 394.4 

18.7 53.8 321.4 

24.6 59.3 319.0 

29.4 65.3 317.8 

34.3 68.0 317.3 

43.8 72.8 316.0 

73.7 76.0 315.0 
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(Table concluded) 


Mole percentage of A 


E System PxX10-4, Pa | y_liquid y— vapour T, K 
= phase phase 

24 | A= trans-C,H,Cl, (trans-dichlo- 88.6 79.0 315.3 

roethane) 95.5 83.0 316.1 

B= CH,OH 98.7 90.6 | 317.8 

99.6 94.4 319.0 

100.0 100.0 321.3 

25 | A=cis-C,H,Cl, 0.0 0.0 | 337.6 

B= CH,0H 2.9 8.9 | 336.3 

4.8 13.7 334.8 

7.0 18.7 333.6 

13.6 B04 301.0 

16.9 37.4 329.9 

19.6 39.1 329.0 

20.9 45.4 327.9 

31.4 o0).4 326.7 

36.5 03 .9 326.1 

40.0) D0 .9 320.6 

42.6 o7 .6 320.4 

01.3 60.9 320.0) 

of .4 63.4 324.8 

69.4 65.4 324.9 

70.9 60.5 324.8 

895 .0 70.8 320.3 

91.6 74.0 320.9 

98.6 84 .() 328.4 

99.6 87.3 329.3 

99.8 93.9 330.8 

100.0 100.0 333 .3 


of the liquid phase and y of the saturated vapour is expressed as 
percentage of substance A. Proceeding from these data, (1) plot the 
composition of the vapour phase versus that of the liquid phase at 
a constant pressure; (2) draw the boiling-point diagram of the A-B 
system; (3) determine the boiling point of a system containing a% 
(mol.) A; what is the composition of the first vapour bubble over 
the system and that of the last drop of the liquid phase? At what 
temperature will the system stop boiling? (4) determine the com- 
position of the vapour at equilibrium with the liquid phase boiling 
at temperature 7,; (5) in what type of experiment can the com- 
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position of a liquid binary system be established if the system starts 
boiling at temperature 7,, provided the boiling-point diagram of 
the system is available? (6) determine what component and in what 
amount can be abstracted from asystem containing b kg of substance 
A and c kg of substance B; (7) determine what component and in what 
amount is to be added to the system specified in (6) in order to 
obtain an azeotropic system; (8) determine the amount of substance 
A, which will be present in the vapour and liquid phases, if 2 kg of 
a mixture with a@% (mol.) A are heated to temperature 7,; and (9) 
determine the variance of the system at the azeotropic point. 


5% T1 a b ¢ | = Ty a b ¢ 
1 388 5D 81 19 14 334.5 55 Slaz 62.8 
2 393 60 61.2 38.8 15 336 sts) 37.2 62.8 

3 383 65 67.4 32.6 16 365 80 93 7 
4 372 20 15.8 84.2 17 325 65 54.2 45.8 
oD 368 00 19.6 80.4 18 350.5 75 65.5 34.5 
6 365 30 68.8 31.2 19 390 .25 65 54.2 45.8 
7 367 Zo 6.4 93 .6 20 330.3 25 1 44.5 
8 317 25 30.4 69.6 21 343 25 36.8 63.2 
g 333 25 27 1 72.9 22 345.5 25 52.7 47.3 
10 331 80 62.2 37.8 23 O77 80 83.4 16 .6 
11 339 10 LS 06.4 24 320 25 90.5 49.5 
12 345 79 64 36 25 339 25 a .5 49.5 


13 329.25 60 73 27 


2. Proceeding from the total pressure and composition of the 
vapour phase at equilibrium with the boiling liquid, stated on 
p. 246, determine the activity and activity coefficient of component A 
in the liquid phase at a given composition of the latter and at a given 
temperature. Use the Clapeyron-Clausius equation and the values 
given in the handbook to calculate the saturated vapour pressure P% 
over component A. Determine the change in the chemical potential 
during formation of the solution at given values of concentration 
and temperature. 


Mole percent- 
age of A 


Variant System Px10-4, Pa 


HNO,-H.O 
HNO,-C.H,0, 
HF-H,O 
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(Table concluded ) 


Variant System Px10-1!, Pa gee A ee T, K 
4 H,O-C,H,0, 10.133 8.0 395.5 
5 H,O-C,H,,0 10.133 25.7 370.9 
6 H,O-C,H,,0 10.133 17.2 369 .0 
7 H,0-C,H4,.0 10 .246 18.9 367 .8 
8 CS,-C,H,O 10.133 13.4 319.6 
g CH,OH-CCl, 10.133 3.0 335.0 

10 CH,OH-C,H, 9.670 5.9 330.7 
11 CH,0H-C,H, 10.133 90.2 d32.9 
12 C,H,O-C,H, 10.000 4.0 348.2 
13 C,H,0-CH,OH {0.133 17.6 333.4 
14 C,H,0-CHCI, 9.760 77.0 331.2 
15 C,H,0-CHCl, 10.000 18.6 336.0 
16 C,H,0-H,O 10.133 4.0 363.5 
17 C,H 1)0-C,H120, 0.668 28 .2 324.1 
18 C,H1)0-C,H 1.02 2.200 16.1 351.2 
19 C,H,0-C,H,,0. 10.133 21.9 394.2 
20 CHCl,-CH,0H 10.100 6.3 335.4 
21. | .CC),-C,H,0. 9.930 7.0 345.4 
22 CCl,-C,H,0. 9.140 28 .0 345.2 
23 C,H,-C,H,,0 10.133 11.4 376 .6 
24 C,H.Cl,-CH,OH 10.133 2.8 333.5 
29 C,H,C)l,-CH,OH 10.133 4.8 334.8 


CHAPTER 15 


Heterogeneous Equilibrium in Binary Systems 
Containing Liquid and Solid Phases 


Basic Equations and Symbols 


The temperature dependence of solubility of a component in an 
ideal solution is given by the Schroder equation 


Aff tus, ; ( 1 1 


I'm,i T 
in which z; is the molar fraction of the solute in a saturated solution 
(solubility), AH;,,,; is the molar heat of fusion of the solute, Tm, i 
is the melting point of the pure solute, and T is the temperature of 
the onset of crystallization of a saturated solution of concentration Xj. 


17—0878 


(15.4) 
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For finitely diluted solutions, the Schroder equation takes the form 


AH, AT 
glia — ——_As (15.2) 
: RTm, (1 — A») 
where AT is the decrease in the temperature of crystallization of the 
solution (melt) of concentration z1!4; 


AT =Tn, —T (15.3) 


Tm, is the melting point of the solvent, AA;,,, is the heat of fusion 
of the solvent, and A, = xs/z!'9, 78 being the concentration of the 
solute in the solid solution and z!li4 being the solute concentration 
in the liquid solution (melt). 

In the case of non-isomorphically crystallizing systems, 


and K, = 0. 


xs = U0 


2 


Exercises 


{. Proceeding from the cooling curves for a gold-platinum system 
(Fig. 29a), plot the composition-versus-property curve and determine 
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Fig. 29. Cooling curves for an isomorphic Au-Pt system (a) and melting-point 
diagram for the same system (b) 


(1) the temperature at which the melt containing 75% (wt) Pt will 
start to solidify, (2) the temperature at which the melt will solidify 
completely, (3) the composition of the first crystals precipitating 
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into the solid phase, (4) the amounts of gold and platinum in the 
solid and liquid states when 3 kg of a system with 75% (wt) Pt are 
cooled down to 1833 K, and (5) the composition of the last drop of 
the melt. 

Solution. Draw the fusion diagram proceeding from the cooling 
curves (Fig. 29b). Curve 7 corresponds to cooling of pure gold. At 
1337 K, the cooling curve flattens over a portion corresponding to the 
melting point of gold. Pure substances crystallize at a constant 
temperature. According to Gibbs’ phase rule (11.3), the number of 
components is K = 1, and the number of phases is = 2, n = 1; 
since the system is not influenced by pressure, the number of thermo- 
dynamic degrees of freedom is feong = 1. 

Curve 2 corresponds to cooling of a system containing 20% Pt. 
At 1567 K, the cooling rate starts decreasing as a result of a heat- 
releasing process which is crystallization of the solid solution. The 
heat released during crystallization is the reason why the system 
cooling rate decreases. At 1405 K, an increase in the cooling rate 
is observed on the same curve. This temperature marks the point 
where the crystallization of the solid solution is complete and the 
subsequent cooling is not accompanied by heat release. The solid 
solution is steadily cooled from now on. Plot the temperatures corre- 
sponding to the onset (1567 K) and end (1405 K) of crystallization 
of a melt with 20% Pt on the Y axis. Similarly, plot the temperatures 
of onset and end of crystallization for melts with 40, 60, and 80% 
Pt. Connecting all points corresponding to the onset of crystallization 
gives the liquidus curve, while doing the same with the points 
corresponding to the end of crystallization gives the solidus curve. 
The two curves converge at the crystallization points of the pure 
components Pt and Au. 

Thus, above the NmM curve all systems are in the liquid state 
with one phase, two components, and two conditional thermodynamic 
degrees of freedom. Even if the composition and temperature are 
varied within reasonable limits, neither the number nor the kind 
of phases will change. Below the NAM curve all systems are in the 
state of a solid solution whose composition may change continuously. 
There is one phase, two components, and two conditional thermo- 
dynamic degrees of freedom. Between the NmM and NKM curves 
all systems are heterogeneous. Two phases are at equilibrium, 
namely, the solid solution whose composition can be determined 
from the NAM curve and the melt whose composition can be deter- 
mined from the VmM curve. There are two phases, two components, 
n= 1, and feong = 1. The composition may be altered. 

The crystallization of a system with 75% Pt starts at 1925 K 
and ends at 1688 K. The composition of the coexisting phases can be 
determined from the points of intersection of the isotherm with the 
NmM and NKM curves. The first crystal will contain 92% Pt. 


17 * 
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At 1833 K, the solid solution and melt are at equilibrium. The 
weight of the solid solution relates to that of the liquid melt, accord- 
ing to the lever principle (14.4), as arm mn relates to arm nK. [f the 
total weight is 3 kg, denote the weight of the solid solution by z 
and that of the liquid melt by 3 — x. Measure the lengths of the 
arms or calculate the compositions as percentage: 


ze 75—57 


So 88-75 =O 14, y=1.75 kg 


The solid solution weighs 1.75 kg, and the liquid melt weighs 1.25 kg. 
The solid solution will contain 1.75 x 0.88 = 1.935 kg of platinum 
and 1.75 x 0.12 = 0.215 kg of gold. In the melt, there is 1.25 x 
0.57 = 0.712 kg of platinum and 1.25 x 0.43 = 0.538 kg of gold. 
To make sure that the obtained values are correct, add up the weights 
of platinum and gold: 


weight of Au 0.215-+ 0.538 = 0.753 kg 


weight of Pt 1.535-+0.712 =2.247 ke 
Total 3.000 kg 


0.753 2.247 
3900 7 9-29, or 20%, aR = 0.75, or 75% 


The composition of the last drop of the melt is given by the inter- 
section of the isotherm of end of crystallization with the NKM 
curve. The last drop of the melt will contain 34.5% Pt. The ecrystal- 
lization of the melt with 75% Pt is shown by arrows in Fig. 296. 

2. Determine the heat of fusion of.platinum proceeding from the 
fusion diagram for the Pt-Au system (Fig. 29). 

Solution. To calculate AA;,. pt use Eq. (15.2). Determine the 
molar fraction of platinum in a melt containing 25% Au: 


20/197 .0 


liq _ 
*Pt = (95/197.0) + (79/195.4) 0.247 
zp, = ee — 0.085 


(8/197.0) + (92/195.0) 
Kp, = 0.085/0.247 = 0.345, AT = 2054—1833 = 221 K 


AH tus, p= 247 SSSA" (1 — 0.345) = 25.679 x 10° J/mole 


The result is approximate because the solution is infinitely diluted. 
3. Proceeding from the cooling curves for an aluminium-silicon 
system (Fig. 30a), draw the fusion diagram and determine (1) the 
temperature at which a system containing 60% Si will start to 
crystallize, (2) the substance that will crystallize from the melt 
with 60% Si, (3) the amount of the solid phase at 1073 K if the 
total weight of the system with 60% Si is 2. kg, (4) the temperature 
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at which the crystallization of the system will end, and (5) the 
composition of the last drop of the liquid melt. 

Solution. Draw the fusion diagram, proceeding from the cooling 
curves (Fig. 30a), with composition being plotted versus melting 
point (Fig. 30b). When pure silicon is cooled (cooling curve 7), the 
cooling curve flattens over a portion corresponding to 1693 K, 
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Fig. 30. Cooling curves for a nonisomorphic Al-Si system (a), and melting- 
point diagram for the same system (b) 


which is due to release of the latent heat of crystallization of silicon 
at its melting point. Plot this temperature on the ordinate (Fig. 300) 
corresponding to pure silicon. 

At 1593 K, the cooling curve for a system with 80% Si (curve 2) 
shows a decrease in the cooling rate. At this temperature, pure 
silicon will start to crystallize from the melt; since the Al-Si system 
is nonisomorphic, the solubility of components in the solid state is 
nil (or rather negligibly low). When silicon passes into the solid 
phase, the liquid phase becomes richer in aluminium, and the melt- 
ing point of the system goes down. Cooling curve 2 flattens at a 
temperature of 845 K (portion ab). At this temperature, the entire 
system becomes solid. The flattening of the curve is caused by simul- 
taneous crystallization of aluminium and silicon from the melt. 
Here the compositions of the liquid and solid phases do not change. 
For this reason, the melting and crystallization points remain in- 
variable. 
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When a system containing 40% Si is cooled (curve 4), the cooling 
rate changes already at 1219 K, and the flattening of the curve is 
observed at the same temperature as during cooling of the melt with 
80% Si, ie. at 845 K. At 1219 K silicon starts crystallizing from 
the melt, the aluminium content in the latter increases, the crystal- 
lization point is lowered, and the eutectic mixture undergoes crystal- 
lization at 845 K. The length of the plateau on the cooling curve is 
proportional to the heat released during crystallization of the eutectic 
mixture. Since the composition of the latter is constant, the length 
of the plateau is proportional to the amount of the eutectic mixture 
undergoing crystallization. If the same amount of melts with differ- 
ent compositions is cooled, the eutectic mixture will differ in quan- 
tity, which is why the plateau on the cooling curves varies in 
length. 

If a system containing 10% Si is cooled (curve 5), no change in 
the cooling rate is observed on the curve which only flattens at 
845 K. The composition containing 10% Si and 90% AI is eutectic. 
The plateau on cooling curve 5 is the longest. Cooling of pure alu- 
minium entails flattening of the curve (curve 7) at 932 K which is 
the melting point of aluminium. 

As the fusion diagram is completed, incorporating all cooling 
curves, we obtain two curves mz and nz and horizontal straight 
line kl. The three lines intersect at the eutectic point where the melt 
is saturated both with silicon and with aluminium. Above the mz 
and nz curves, in region J, all systems are homogeneous and there 
is only one, liquid, phase and two thermodynamic degrees of free- 
dom. In region //, the systems are heterogeneous with aluminium 
crystals being at equilibrium with the melt whose composition is 
determined from the mz curve. In region J/J, all systems are hetero- 
geneous, too. Here, silicon crystals are at equilibrium with the 
melt whose composition is determined from the nz curve. The systems 
in regions // and //Z have one thermodynamic degree of freedom 
each. In region JV, all systems are in the solid state, heterogeneous, 
and have two solid phases—crystals of aluminium and silicon. There 
is one thermodynamic degree of freedom. In the state of equilibrium 
at point z are aluminium crystals, silicon crystals, and the melt; the 
system is heterogeneous with three phases and zero thermodynamic 
degrees of freedom. 

Since the length of the plateau corresponding to crystallization 
of the eutectic mixture on the cooling curves is proportional to the 
amount of the eutectic mixture, this proportionality can be used 
to determine the concentration of the components at the eutectic 
point. To this end, draw a Tammann triangle. Plot the lengths of 
plateaus ab, cd, ef, gh, and ij (Fig. 30a) downward vertically from 
the eutectic isotherm at points corresponding to the composition 
of the systems (Fig. 30b), and the intersection of the lines drawn 
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through points 1, b, d, f, h and k, j, h gives the composition of the 
eutectic mixture. 

The cooling of the system with 60% Si is indicated by arrows 
on the fusion diagram (Fig. 300). The system starts crystallizing at 
1408 K. Silicon passes into the solid phase, and the melt becomes 
enriched with aluminium. As soon as the system is cooled down to 
1000 K, a certain amount of silicon forms crystals. To determine 
the amounts of the liquid and solid phases at equilibrium use the 
lever principle. The weight of silicon crystals relates to that of the 
liquid phase as the length of arm op relates to that of arm pg. If the 
weight of the system is 2 kg, then 


x 60 — 24 
5 aan x=0.95 kg 
The weight of silicon crystals is 0.95 kg and that of the melt with 
24% Si is 1.05 kg. The crystallization of the system containing 60% 
Si will be over at the eutectic temperature of 845 K. The composition 
of the last drop of the melt corresponds to the eutectic one, i.e. 
10% Si. 

4. Determine the heat of fusion, A#;,,, of silicon with the aid 
of the fusion diagram for the aluminium-silicon system (Fig. 30d). 

Solution. The Al-Si system is nonisomorphic. For such a system, 
K in Eq. (15.2) is zero. The temperature of the onset of crystalliza- 
tion of a system with 20% AI is 1593 K. The crystallization point 
of pure silicon is 1693 K. The decrease in the crystallization point is 


AT = 1693 — 1593 = 100 K 


Determine the molar fraction of aluminium in the system: 
es 20/27 
Al ~~ 20/27 + 80/28 
According to Eq. (10.2), 


AH gus = SPO XB STS x TOS" 49.091 x 103 J/mole 


= 0.206 


This result is approximate because the silicon concentration is 
sufficiently high. 

5. Analyse the fusion diagram of a system with finite solubility 
of components B and A in the solid state (Fig. 31). Follow the change 
in the phase state during cooling of a system with 90% A. 

Solution. Consider the phase state of the system characterized 
by points in different parts of the diagram. In region J, the systems 
are homogeneous with one liquid phase. With this one phase and 
two components the number f of thermodynamic degrees of freedom 
under conditions where pressure does not affect the phase equilibrium 
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(n = 1) will be 
feonea =A —-Otn=2-14+1=2 


It is possible to change both the composition and the temperature. 
In regions JJ and JIJ, the systems are heterogeneous. Two phases, 
the solid solution and the melt, are at equilibrium. The composition 
of the liquid melt is determined from the upper liquidus curve, 
and that of the solid solution is determined from the lower solidus 
curve: 


feond m2—2+1=1 


Only the composition of the system can be changed (within reason- 
able limits). In regions 7V and V, the systems are homogeneous with 
one phase which is a solid solution. In region JV, we have a solution 
of A in B, and in region V, a 
solution of B in A; feong = 2. 
The system inregion VJ is he- 
terogeneous with two solid phases 
at equilibrium and f.ong = 1. It 
should be borne in mind, how- 
ever, that it takes much time for 
equilibrium to be established in 
the solid phases, therefore the 
curves of compositions of the 
solid solutions are usually drawn 
as dashed lines in fusion dia- 
grams. Two solid phases, two 
solid solutions, and a liquid melt 
converge at point &. The system 
is heterogeneous with three 
phases and feong = 0. 
Fig. 31. Melting-point diagram for Now follow the course taken by 
a binary system with limited solu- the process of cooling of a system 
bility of components in the solid state with 90% A and change in the 
phase state of the system during 
cooling. When the system is cooled to temperature 7',, there is only 
one phase—liquid melt. At 7,, there emerges the first crystal of a 
solid solution whose composition is determined by point c. It is 
component A that passes predominantly from the melt into the solid 
phase, and the solid solution becomes richer in component A than 
the melt. Consequently, the melt composition varies along the ad 
curve. Not only the composition of the liquid melt changes but 
also the crystallization point and the composition of the solid 
solution do. The composition of the latter varies along the cd curve. 
The crystallization is over when the composition of the solid solution 
corresponds to that of the liquid melt of the system in the initial 
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state at temperature 7',. The composition of the last drop of the 
liquid melt is determined by point b. Then cooling of the solid 
solution takes place. At temperature 73, the second solid phase 
appears, its composition being determined by point f. As cooling 
of the system continues, the compositions of the solid solutions 
change as indicated by arrows in the diagram. The change in the 
composition of the solid solutions 
is extremely slow. The curves 
in the fusion diagram correspond 
to equilibrium concentrations. 

6. Analyse the phase state of 
a nonisomorphic system whose 
components form a stable chem- 
ical compound. Its _ fusion 
diagram is shown in Fig. 32. 
Analyse the process of heating 
of two binary systems: A-A,B, 
and A,B,-B. 

Solution. This fusion diagram 
may be regarded as two inde- : 
pendent diagrams for two binary a,jo9 99 60 40 20 0 
systems: A-A,B, and A,B,-B. 0 20 40 60 80 1008 
First, cover the part of the Weight percentage, % 


rea that agen 4 onds to er Fig. 32. Melting-poijnt diagram for a 
xBy-B system with a piece 0: nonisomorphic binary system; the 
paper and mentally compare it substances form a stable chemical 
with the fusion diagram for compound 
a nonisomorphic system which 
is a simple eutectic (see Fig. 306). Repeat the procedure covering 
the part of the diagram that corresponds to the A-A,B, system. 

In region / (Fig. 32), all systems are homogeneous with one phase 
which is liquid melt and f,5nq = 2. In region //, the systems are 
heterogeneous. Two phases are at equilibrium, i.e. melt and crystals 
of component A; feong = 1. In regions JIJ and IV, the systems 
are heterogeneous with two phases at equilibrium—liquid melt 
and crystals of component A,B,; feong = 1. The systems in region V 
are heterogeneous with two phases at equilibrium—liquid melt 
and crystals of component B; foeong = 1- In region V/, the systems 
are heterogeneous with two phases at equilibrium—crystals of A 
and those of A,B,; feona = 1. Finally, in region VJJ, the systems 
are heterogeneous with two solid phases at equilibrium—crystals of 
A,B, and those of B; feong = 1. At points #, and £, the systems 
are heterogeneous. Three phases—two solid and one liquid—are 
at equilibrium; feong = VU. 

Now analyse the process of heating of the system of composition a,. 
When the system is heated to temperature 7,, no change in the 
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phase state is observed. The heating of crystals of A and A,B, is 
indicated in the diagram by the arrows along the Y axes of A and 
A,B,. At T,, the system starts to melt. The heating curve must be 
flattened at that point because of melting of the eutectic mixture. 
The compositions of the solid and liquid phases remain the same 
along with temperature until the eutectic mixture melts completely. 
Next, crystals of A,B, melt, and the composition of the liquid phase 
changes, while that of the solid phase does not (A,B,). The change 
in the composition of the liquid phase affects the melting point. 
At temperature 7,, the compo- 
sition of the liquid phase becomes 
a,, that is, the same as in the 
initial state of the system. At 
this temperature, the last crystal 
of A,B, melts, and the subse- 
quent heating of the liquid melt 
involves no further changes in 
the phase state of the system. 
The maximum corresponding 
to the melting point of the 
chemical compound is indicative 
of its stability at the melting 
point. Shifting of the equilibrium 
of the reaction A,B, zA + yB 
to the right lowers the melting 
point, and the maximum in the 
fusion diagram loses its sharp- 
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Fig. 33. Melting-point diagram for 
a nonisomorphic binary system; the 
substances form an unstable chemical 


ness. Conversely, if the equilib- 
rium is shifted towards forma- 
tion of the compound, the max- 


compound imum in the fusion diagram 


becomes even sharper. 

7. Analyse the phase state of a system comprising two nonisomor- 
phically crystallizing components which form an unstable chemical 
compound (Fig. 33). Follow the change in the phase state of the 
system during its heating. 

Solution. Determine first the phase states of the systems in differ- 
ent parts of the diagram. In region J, all systems are homogeneous 
with one liquid phase which is the melt; feong = 2. In region JJ, 
the systems are heterogeneous with crystals of component A at 
equilibrium with the melt; feong = 1. All systems are heterogeneous 
in region //J. The melt and crystals of the unstable compound A,B, 
are at equilibrium, and feong = 1. In region /V, the systems are 
heterogeneous with two solid phases at equilibrium—crystals of B 
and the melt; feong = 1. In region V, all systems are heterogeneous 
with two phases at equilibrium—crystals of B and those of com- 


Ch. 15 Binary Systems with Liquid and Solid Phases 267 


pound A,B,. At temperatures below 7,, the compound becomes 
stable; feong = 1. In region VJ, all systems are heterogeneous, too. 
Crystals of A and A,B, are at equilibrium; foeonq = 1. Three phases 
coexist at point £, including crystals of A, those of A,B,, and the 
melt; feong = 0. At point p, three phases are at equilibrium— 
crystals of B, those of compound A,B, which becomes stable at the 
melting point 7,, and the melt; feong = 0. 

What happens during heating of a system having composition a,? 
Up to temperature 7, the system is in a crystalline state. The crystals 
of A are at equilibrium with those of compound A,B,. At T,, the 
eutectic mixture of composition e starts melting. The compositions 
of the liquid and solid phases remain invariable until the eutectic 
mixture melts completely. Consequently, the temperature on the 
cooling curve does not change. Then, crystals of A,B, start to melt, 
and the composition of the liquid melt changes, while that of the 
solid phase remains unchanged. At temperature 7, the chemical 
compound becomes unstable. It dissociates into crystals of B and 
the melt. Since the system becomes nonvariant at 7,, the heating 
curve flattens. After the last crystal of A,B, disappears, crystals of 
component B start to melt. The melt composition starts changing 
again along with the melting point of the system. At temperatu- 
re 7',, the composition of the melt becomes a, as in the initial state 
of the system. At this temperature, the last crystal of B disappears, 
the system becomes homogeneous, and its phase state is not affected 
by further heating. The heating process and the associated change in 
the phase state of the system are indicated by arrows in the fusion 
diagram. 

8. Determine the phase state of a system and the weight ratio of 
its phases if 1 kg of the system having composition a, (Fig. 33) is 
heated to temperature 7,. Substances A and B are elements with 
atomic weights 197 and 121.8, respectively. The unstable compound 
AB, contains 80% B (composition corresponding to point a,). 

Solution. The system is heterogeneous. [t consists of crystals of 
the chemical compound and those of component B. To determine 
the weight ratio of the solid phases use the lever principle. But 
frst determine the percentage content of AB,: 


Wap = 3 X 121.8/ (197.0 +3 « 121.8) x 100 = 64.97% B 
According to the lever principle: 
Mp/Map, = Nk/mn = (100 — 80)/ (80 — 64.97) == 1.33 
Since the total weight of the system is 1 kg, this ratio takes the 


following form: 


1.33 
Gay = 153, mae = S35 = 0.57 kg, man, =0.43 kg 
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Problems 


{. Proceeding from the characteristic points on the cooling curves, 
draw the fusion diagram for a copper-nickel system: 


Ni, % 0 20 


Temperature of onset 1373 1467 


of crystallization, K 


40 60 80 100 
1554 1627 1683 1728 


Temperature of end of 1373 1406 1467 1543 1629 1728 


crystallization, K 


Mark the following with points in the fusion diagram: a, pure solid 
copper at equilibrium with the copper melt; 6, liquid melt contain- 


6 
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Fig. 34. Cooling curves for a Cd-Bi 
system: 
1—0% Bi; 2—20% Bi; 3—40% Bi; 4—60% Bi; 
5—80% Bi; 6—100% Bi 


350 


Time 


ing 49% Ni at equilibrium 
with the solid solution; c, solid 
solution containing 60% Ni 
at equilibrium with the liquid 
melt, and qd, liquid melt 
containing 90% Ni at 1670 K. 
Determine the following for 
a system containing 30% Ni: 
the temperature of the onset 
of crystallization, the com- 
position of the first crystal 
of the solid solution, the 
amounts of Ni in the liquid 
and solid states when 0.24 kg 
of the system with 30% Ni is 
cooled down to 1470 K, the 
temperature of crystallization 
of the last drop of the liquid 
melt, and the composition of 
the last drop of the liquid melt. 


2. Draw the composition-versus-melting point diagram for a sil- 
ver chloride-sodium chloride system, proceeding from the charac- 


teristic points on the cooling curves: 
Mole percentage of AgCl 0 


20 40 60 80 100 


Temperature of onset 1073 1004 941 869 788 728 


of crystallization, K 
Temperature of end of 1073 9 
crystallization, K 


Mark the following states of the syste 


02 848 775 742 728 


m with points on the diagram: 


a, pure solid silver chloride at equilibrium with the silver chloride 
melt; b, liquid melt with 55% mol. AgCl at 1000 K; c, liquid melt 
with 70% mol. AgCl at equilibrium with the solid solution; d, solid 
solution with 45% mol. AgCl at equilibrium with the liquid melt; 


and e, solid solution with 30% mol. 


AgCl at 750 K. 
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3. Proceeding from the cooling curves of a cadmium-bismuth 
system (Fig. 34) draw the fusion diagram. Mark the following states 
of the system with points on the diagram: a, pure bismuth at equilib- 
rium with the bismuth melt; b, liquid melt with 30% Cd at 973 K; 
c, melt with 15% Cd at equilibrium with bismuth crystals; d, equilib- 
rium system consisting of solid cadmium and a melt with 4/5 Cd 


TK 
1400 


Fig. 35. Melting-point dia-~ 800 


oe pag ary — 0 20 40 60 80 100Cu 

system wl imitead SOlUDII- Ap 100 

ity of components in the : a ai = 20 0 
solid state Weight percentage , % 


and 1/5 Bi; and e, liquid melt containing both metals at equilibrium 
with solid Cd and Bi. 

4. Proceeding from the characteristic points on thecooling curves, 
draw the fusion diagram for a silver chloride-potassium chloride 
system: 


AgCl, % O 20 40 60 80 100 

Temperature of onset 1055 958 837 688 630.6 728 
of crystallization, K 

Temperature of end of 1055 584 584 584 584 728 
crystallization, K 


Determine the amount of potassium chloride to be added 
to 1.7 kg of silver chloride in order to lower the initial melting 
point down to 600 K. 

0. Determine, from the fusion diagram of a silver-copper system 
(Fig. 35), the phase states of the systems marked with points a, b, 
c, d, e, f, g, and h. 

6. Proceeding from the characteristic points on the cooling 
curves, draw the fusion diagram for a sodium iodide-sodium fluoride 
system on the basis of the values given in the handbook. What will 
happen to a solid system containing 0.4 kg NaF and 0.6 kg Nal if 
it is heated to 670, 899, 950, 1033, and 1200 K? 

¢7. Draw the phase diagram of a phenol-water system, proceeding 
from the weight percentage of the phases at equilibrium: 
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(1) water is saturated with phenol to concentration c,, and phe- 
no] is saturated with water to concentration c,: 


T,K 280 300 320 330 335 338 341.8 
4, % +79 88 144 15.55 18.5 22.0 35.9 
cj, % 75.4 70.5 64.0 58.3 54.0 49.5 35,9 


(2) solid phenol is at equilibrium with the solution: 


T, K = 280 290 300 314 
c, % 84.0 91.5 95.3 100 


The first invariant point is near 272.1 K: ice, phenol, solution. 
The second invariant point is at 274.5 K: phenol, two solutions. 
Explain the resulting diagram. Determine the phase state of the 
systems in every part of the diagram. Define the composition and 
number of phases in a mixture containing 0.03 kg of phenol and 
0.07 kg of water at 300 K. Mark the following with points: a, homo- 
geneous solution containing 80% phenol] at 320 K; b, system with 
50% phenol, separable into two immiscible solutions with 9.5 and 
63.0% phenol, respectively; and c, homogeneous solution containing 
59% phenol at 320 K. What will happen in each of the above systems 
if phenol is slowly added to them? The solutions with 20% phenol 
in one and 60% phenol in the other have a temperature of 340 K. 
Down to what temperature must each solution be cooled for the 
system to separate? 

8. Determine the number of conditional thermodynamic degrees 
of freedom for systems at a given temperature and composition. For 
their fusion diagrams, see the handbook. 


System AgC]-NaC] AgCl-NaCl AgCl-NaC] Cu-Ni Cu-Ni 
T, K 1073 873 — 1473 
Composition, % 50 50 — 30 
Corresponding point 

on the diagram a a 
System CaCl,-CsC} CuCl-KCl 
T, K 


Composition, % 
Corresponding point 
on the diagram d d 


9. Proceeding from the fusion diagram of a CaCl,-CsCl system, 
given in the handbook, determine the amounts of the solid and 
liquid phases if a system with 60% mol). CsCl is heated to 1073 K. 
The total weight of the system is 2kg. Determine the weight of CaCl, 
and CsCl in the liquid and solid phases if 2 kg of the system with 
60% mol. CsCl are heated to 1073 K. Calculate the amount of the 


Vari- 
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Mole percent- 


Temperature of 
onset of crystal- 


Mole percent- 
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Temperature of 
onset of crystal- 


ant aes age OFS lization, K nee Oks lization, K 
1 |A=KCI 0 012 40 A460 
B=SnCl, 5 507 45 484 
10 496 D0 497 
15 479 92.9 83 
20 477 DD 658 
20 481 70 853 
30) 478 80 952 
30 473 100 1050 
2 |A=KC] 0 769 45 693 
B == PbCl, 10 748 50 703 
20 713 Oo 733 
20 701 65 814 
30 710 79 893 
33.5 713 90 1003 
40 107 100 1048 
3 {|A=KC] 0 923 00 769 
B= MnCl, 8 895 60 731 
19 869 65 709 
20 715 66 701 
34 743 70 705 
36 722 85 925 
38 739 100 1047 
AG) 147 
4 {A=Li,CO, 0 1133 50 788 
B=: K.CO, 9 1055 54.5 778 
20 950 62 765 
33 765 66.6 798 
39.5 473 83.9 911 
44.2 778 100 983 
5 |A=MgSO, 0 1294 55 1048 
B=Cs,SO, 10 1241 60 1053 
20 1193 63 1098 
30 1116 65 1113 
40 1013 70 1163 
45 993 80 1238 
47 969 90 1323 
20 999 100 1397 
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(Table continued) 


tat | oem [eagrese'] Sarees [age pre | mars 
oN 

6 |A=Li,S0, 0 1293 65 983 
B=Cs,SO, 10 1216 75.5 903 
20 1113 77.5 906 
25 1063 80 910 
34 953 85 905 
35 963 89.5 893 
45 1003 90 910 
50 1011 95 1055 
55 1007 100 1129 
7 |\A=KI 0 658 53 504 
B=Cdl, 10 643 55 515 
30 696 60 575 
45 520 65 656 
AT 470 80 833 
49 ! 468 100 951 
8 |A=CsC] 0 1147 50 1180 
B=CsCl, 10 1124 60 1158 
. 15 1089 70 1074 
20) 1059 80 877 
25 1102 85 862 

35 1155 95 875.8 

40 1166 100 876.8 
9 |}A=RbCl 0 1147 55 969 
B=SrCl, 10 1089 65 896 
20 1004 70 827 
30 906 75 853 
40 964 80 879 
45 975 90 960 
50 978 4100 999 


10 |A=KC] OQ 1043 40 1027 
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(Table continued) 


V ari- Aus t-| Temperature of | yo) .| Temperature of 

ant | Systems | “agerot.a’ | onset of crvstal-"“age'ot a | nset of ervstal- 
A=KCl 25 980 90 4021 
10 B=CaCl, 35 1022 100 1049 
11 |A=CuCl 0 912 65 542 
B=CsCl 10 868 66.6 SAT 
20 814 70 5 At 
35 645 75 524 
45 574 80 541 
50 549 90 623 
60 533 100 695 
12 |A=CdCl, 0 702 50 699 
B= TICl 10 656 57.5 697 
20 604 67.5 673 
28 572 80 754 
30 589 85 777 
36.5 645 95 823 
47 694 100 841 
18 |A=SrBr, 0 1003 od 832 
B=KBr 10 972 66.7 847 
25 872 75 843 
29 829 82 835 
33.3 832 85 851 
40 826 95 897 
50 807 100 916 
14 |A=InCl, 0 1073 53 983 
B= NaCl 13.3 1052 61.6 753 
22.2 1033 66.8 680 
35.8 989 74.6 641 
37.6 975 80.6 622 
40 983 , 81.6 642 
47 999 84.8 697 
50.6 1003 100 859 

a ee 

15 |A=FeCl, 0 702 35 525 
B=TICl 10 658 37 506 
22 598 45 533 


18-0878 


Temperature of 
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(Table continued) 


eee NC Le een 


Temperature of 


Nant | Systems Thc of a [oneet et ermal | Nagelct al [one of erviiel 
a 26 535 ny 553 
| 33 563 100 979 
; = ES Tee A a ee 
{6 SARS () 1121 | 23.8 1212 
OKI | 4.9 1099 26 1224 
| ee 1060 30.3 1289 
| 13.4 1120 | 37.9 1359 
48.2 1141 NAG. 1397 
3 18.4 1168 : 50.5 1403 
| 4g 1193 | 58 1391 
. OK! nt 685 | 45 618 
L 1) 668 5() 622 
Fh 640 50 654 
| D5 622 60 695 
54) 579 70) 773 
31 594 80 858 
| 35 603 ; gh 914 
4D 610 | 100 959 
18 — () 825 | 50 | 768 
B= Li | 5 813 54 773 
1) 772 i 66.6 803 
30 736 | 85 865 
Le 720) 100 a6 
tee ae — li a 

19 |A=LiNO, ; 585 | 5) AGA 

B= RbNO, 1") 535.5 7 60 457.6 
Di AKG i 65 449 
20 | 479 | 70 567 
32.5 424 i go 598 

36 438 | 90 519.5 
40 449.5 ? 100 527 

| 

20 |A=MgCl, 0) fin | ov) 167 
B=TICl 5 ere | 66.6 796 
15 US2 75 658 
28 O35 | ON) 950 
33.3 O80) fF 100) 991 


V ari- 
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Mole percent- 


Temperature of 


Mole percent- 
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(Table concluded) 


Temperature of 


ant a age of Aj OMT Pion KR || age Of A | Oe eK 
24 (A=MgCl, 0 991 36.2 759 
B= RbCl 17.5 868 37.5 784 
22.7 800 43.8 816 
23.7 764 50 823 
25.9 746 58.1 809 
28 736 65 783 
29 732 63.3 824 
30.4 743 78.7 898 
33.4 749 100 984 
33.5 745 
22 {A=MnCl, 0 999 45 793 
B= RbCl 15 879 50 799 
20 813 55 797 
27 749 65 755 
30 744 68 733 
32 733 70 743 
35 743 80 803 
40 767 100 923 
23 |A=MgSO, 0 1349 63.9 1200 
B=K,SO, 10 1308 66.8 1203 
20 1236 74 1193 
30 1123 75.3 1477 
40 1019 82.2 1247 
50 1103 100 1397 
24 |A=PbCl. 0 708 50 680 
B=TICl 10 679 60 705 
15.5 664 66.6 708 
20 675 70 707 
25 680 75 700 
30 676 80 720 
36.5 650 90 752 
40 658 100 773 
ea ee i 
25 {A=NaCl 0 595 35 623 
B=ZnCl, 5 589 46 683 
10 577 52.5 769 
15 573 58 813 
25 543 67.7 822 
27 535 100 1073 
30 569 


18* 
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component to be added to the system for it to undergo isothermal! 
melting. 

10. Represent the cooling curves for a CuCl-KCl system _pro- 
ceeding from the fusion diagrams given in the handbook, if the 
mole percentage of CuCl is 0, 20, 40, 60, 80, and 100. 


Multivariant Problem 


Proceeding from the temperature of onset of crystallization of a bina- 
ry system: (1) draw the phase (fusion) diagram for an A-B system; 
(2) mark the following with points: J, liquid melt with a% A at 
temperature 7’,; JJ, melt with a% A at equilibrium with the crystals 
of the chemical compound; ///, system containing solid substance A 
at equilibrium with a melt containing 0% A; JV, equilibrium of 
the phases having the same composition; and V, equilibrium of three 


eT ri, K a b c d € Te, K 
1 493 49 40 5) 20 19 463 
Z 753 30 79 5) 25 79 103 
3 873 A() 80 10 40) 80 733 
4 923 40 79 10 40) 86 768 
i) 1173 aT) 9() 10) 40 72 1123 
6 1173 40 8o 10) 40 95 973 
7 723 OO 79 10 40 70.5 O03 
8 1173 oo 9() 10 ot) to 1093 
9 1073 30 80 9) 30 89 923 

10 1023 20 10 Oo 20 So 923 
11 773 JO 8) 10 20 60 033 
12 473 42 80 10 40) 9() 643 
13 973 60 Y() 10 00 70 833 
14 1033 49 95 10 49 7o 983 
15 673 30 50 9) 30 a0) 043 
16 1273 15 — S) 20 40 1113 
17 773 A() 70 10 AY) 80 603 
18 $73 ot) 80 10 a0 90 753 
19 023 4() to 10 40) 95 443 
20 923 a0 st) 10 oY 89 703 
21 873 40) 9() 10 A() 19 793 
22 873 30 95 10 30 60 733 
23 1273 OU 90) 10 20 85 1073 
24 723 JU 89 10 2() 79 673 


20 723 30 60 10 a0 60 083 
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phases; (3) determine the composition of the stable chemical com- 
pound; (4) determine the qualitative and quantitative compositions 
of the eutectic mixtures; (5) plot all types of cooling curves possible 
for a given system and indicate the states on the fusion diagram to 
which these curves correspond; (6) determine the phase states of 
systems containing c, d, and e% A at temperature 7, and find out 
what will happen to these systems if they are cooled to tempera- 
ture 7,; (7) determine the number of phases and that of conditional 
thermodynamic degrees of freedom of the system at the eutectic 
point and with 95 and 5% mol. A; (8) determine the temperature at 
which a melt with c% A will start solidifying, the temperature at 
which the melt will solidify completely, and the composition of 
the first crystals; (9) determine the temperature at which a system 
with d% A will start melting, the temperature at which it will 
melt completely, and the composition of the first drops of the melt; 
(10) calculate the heats of fusion of substances A and B; and (441) de- 
termine which component and in what amount will crystallize from 
the system if 2 kg of a melt with a% A are cooled from 7, to 74. 


CHAPTER 16 


Heterogeneous Equilibrium in Ternary Systems 
Containing Liquid and Solid Phases 


Basic Equations and Symbols 


A point on the plane of an equilateral triangle represents the 
composition of a ternary system. If perpendiculars are dropped from 
point P (Fig. 36a) to the sides of the triangle, the sum of these per- 
pendicular lines equals the height of the triangle, which is taken 
as 100% (Gibbs’ triangle). And if lines parallel with the sides of 
the triangle are drawn from point P (Fig. 36b), their sum equals the 
triangle side which is taken as 100% (Roozeboom’s triangle). The 
apices of the triangle correspond to the pure components (charac- 
teristic points). 

Binary systems are represented on respective sides of an equilate- 
ral triangle. Lines parallel to the sides of the triangle represent the 
lecus of points corresponding to systems with a constant content of 
the component associated with a particular side. The straight lines 
drawn from the apices of the triangle to the points of intersection 
with the opposite sides represent the locus of points corresponding to 
the systems in which the ratio of two components remains constant 
and equal to that of the portions into which the associated side of 
the triangle is divided (characteristic lines). 
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Let the overall composition of a binary system be represented by 
point P (Fig. 36a), the composition of the first phase (I) be represent- 
ed by point M, and that of the second phase (II) be represented by 
point N. Then, if the composition is given in terms of weight per- 
centage, 


my/my, = NP/PM (16.4) 


where my; and my, stand for the weights of the first and the second 


AN 
AIX AVAVA 
OM AVAY WAVY AV AVAVANAWA 

RDRMOK AOR!” 
AVAVAVAVAV, VAVAVAVA\GY AVAVAVAWAVAVAVAVAVA 


- (b) 


Fig. 36. Presentations of ternary system compositions by Gibbs’(a) and Roo- 
zeboom’s (b) methods 


phase, respectively. If the composition is expressed as mole percen- 
tage, then 


ny/nty = NP/PM (16.2) 


where n; and n;; stand for the number of moles in the first and the 
second phase, respectively. 


Exercises 


1. Analyse the phase state of a nonisomorphic ternary system ABC 
(Fig. 37). Analyse the process of cooling of the system whose com- 
position is represented in the diagram by point 4. 

Solution. Above surfaces adgf, bdge, and cfge all systems are homo- 
geneous, in the form of liquid melts. Surface adgf represents the com- 
position of the melt which is at equilibrium with the crystals of com- 
ponent A. Surface ddge represents the composition of the melt at equi- 
librium with the crystals of component B. And surface c/ge represents 
the composition of the melt at equilibrium with the crystals of 
component C. Lines dg, fg, and eg of intersection of the above sur- 
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faces represent the compositions of the melts at equilibrium with 
{he crystals of two components, line dg corresponding to equilibri- 
im with the crystals of A and B, line eg corresponding to equilibrt- 
um with the crystals of B and C, and line fg corresponding to equl- 
librium with the crystals of A and C. Corresponding to point g of 
intersection of lines dg, eg, and fd is the equilibrium between the 
melt and the crystals of all 
three components A, B, and C. 
Points d. e, and f correspond 
to the binary eutectics. Below 
point g, which corresponds to 
the ternary eutectic mixture. 
all systems are heterogeneous, 
being represented by three 
solid phases. 

We now follow the changes 
in the phase state of the sys- 
tem as it is being cooled. 
When the system has cooled 
down to temperature 7,, it is 
homogeneous, being represent- 
ed by a single liquid phase. 
At 7,, crystallization of com- 
ponent A begins (point 2). 
Since only component A passes 
from the melt into the solid 
phase, the concentration ratio 
of components B and Cin the 
liquid melt remains the same. 
On the plane triangle of the 
prism’s base this process is 
represented by line 1°-3’. The Fig. 37. Melting-point diagram for a 
composition of the melt nonisomorphic ternary system 
changes along line 2-3. At 
point 3, the melt becomes saturated not only with component A 
but also with component B. Point 3 corresponds to temperature 7's. 
At this temperature, component B starts crystallizing from the melt 
along with component A. The composition of the melt changes along 
line 3-g. On the plane triangle, this process is represented by Jine 
3°’-g’. The ternary eutectic mixture (point g) has temperature 7, at 
which the entire system crystallizes and becomes a heterogeneous 
three-phase one. As the temperature of the system continues going 
down, the crystals of components A, B, and C become cooled, which 
is represented on the diagram by the arrows on the prism edges. All 
of the cooling process is represented by arrows in Fig. 37. 

2. Determine the amount of component A passing into the solid 
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phase from 1 kg of a system cooled down to temperature 7,. The 
composition of the system is represented by point / (Fig. 37). The 
projection of the 7, isotherm on the prism base divides portion 
I'-3' into two parts at a ratio of 13:4. The composition is given 
as weight percentage. 

Solution. To determine the weight ratio between the liquid and 
solid phases use the lever principle: 


m,/(1 — m,) = 4/13 = 0.308, m, = 0.308 — 0.308m, 
m, = 0.235 kg 


Since only component A passes from the system whose composition is 
represented by point / into the solid phase, the weight of its crystal 
at temperature 7, will be 0.235 kg. 
The weight of the remaining melt 
will be 0.765 kg. 

3. The NaClI-KCI-H,O system 
is nonisomorphic. No chemical 
compounds are formed between the 
components. The initial system 
contains 10 kg KCI, 20 kg NaCl, 
and 70 kg H,O. The water solubil- 
ities of the components at 373 K 

AXKX are 06.2 kg KC) and 39.4 kg NaCl 
REO A per 100 kg of solution. The com- 

H,0 °2 KC! bined solubility is 27.39 kg NaCl and 
Fig. 38. Isothermal section of the °-16kg KCI in 100 kg of solution. 
phase diagram fora NaCl-KCI-H,O (1) Draw the phase diagram of the 

system system, assuming that the solubility 

lines are straight. (2) Determine 

the amount of evaporated water and the composition of the solu- 

tion before crystallization begins. (3) Which salt, NaCl or KCl, 

will start crystallizing from solution during isothermal evaporation 

of water from the initial system? (4) How much water will evaporate 

before crystallization of the two salts? (5) Howmany kilograms of 

NaCl and KCl will pass into the solid phase if 95% of the water 
present in the initial system will be evaporated from it? 

Solution. Given the compositions of the initial system, the binary 
eutectic mixtures NaCl-H,O and KCI-H,O, and the ternary eutectic 
mixture NaCI-KCI-H,O, mark, respectively, points p,, e,, €., and é, 
on the triangular diagram. Connect points e, and és, e, and e, by 
straight lines (Fig. 38). Since only water evaporates from the solu- 
tion whose composition is represented by point p, on the phase dia- 
gram, the ratio between NaCI and KCl in the system remains un- 
changed. The evaporation process is represented by extension of the 
line connecting point p, with the H,O apex of the triangle, that is by 


NacCy 
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line p,-p,. At point p,, the solution becomes saturated with NaCl, 
and the latter begins to crystallize. Calculate the amount of water 
to be evaporated in the process represented by line p,-p, on the 
diagram. Determine the composition at p,: 16.5% KCl, 33.5% 
NaCl, and 50% H,O. Calculate the weight of water in the system 
corresponding to point p,: for the composition at p, (10 + 20) kg of 
the salts constitute 50%, whereas z kg of water account for the oth- 
er 50%. Hence, x = 30 kg. Thus, after evaporation of water, 10 kg 
KCl, 20 kg NaCl, and 30 kg H,O will remain in the system whose 
composition is represented by point p,. 40 kg of water have been 
evaporated from the system before NaCl] started to crystallize. 
Since NaCl will pass from the system into the solid phase during 
evaporation of water, the system will become richer in KCl. This 
process is represented by line p,-e,. At point e,, NaCl will start 
crystallizing together with KCl. Determine the amount of water to 
be evaporated before both salts start crystallizing. Since only NaC} 
crystallizes from the solution (line p,-e,), all of KCl will remain in 
the solution. At point e, the weight percentage of the components will 
be as follows: 27.39% NaCl, 35.16% KCI, and 37.45% H,O. 


10 kg KCl in the solution of composition e,—35 .16% 
z kg H,O in the same solution — 37 .45% 


Consequently, z = 10.65 kg H,O will remain in the solution. The 
amount of water evaporation is 70 — 10.65 = 59.35 kg. 

In order to determine the amounts of NaCl and KCl crystallizing 
from the system during evaporation of 95% H,O, calculate the 
composition of the-resulting system. The overall composition will 
be 10 kg KCI, 20 kg NaC}, and 70 x 0.05 = 3.50 kg H,O, the weight 
percentages being 29.80% KCI, 59.70% NaCl, and 10.45% H,O. 
Corresponding to this composition will be point p, on the diagram. 
Connect points e, and ps, and extend the line connecting 
these points till it intersects the NaCi-KCl base of the triangle. The 
intersection will be at point r. The amount of the salts passing into 
the solid phase relates to that of the entire system as the length of 
portion ps3é, relates to that of portion re,, which corresponds to 0.702. 
The total weight of the system is 33.5 kg. The weight of the solid 
phase is 33.5 X 0.702 = 23.52 kg, and that of the remaining solu- 
tion is 33.0 — 23.52 = 9.98 kg. 

The composition of the solid phase will be represented by point r 
on the diagram, which corresponds to 73% NaCl and 27% KCl. The 
solid phase will contain 17.17 kg NaCl and 6.35 kg KCl. The solution 
is essentially a ternary eutectic mixture. Its weight is 9.98 kg, and 
it contains 2.80 kg NaCl, 3.68 kg KCl, and 3.50 kg H,O. When all 
of the water present in the initial solution evaporates, the composi- 
tion of the system will be represented in the diagram by point s. 
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Problems 


{. A system contains salts S; and S;; having common ions, as well] as 
water. The composition of the system is 20% S;, 25% Sjy;, and 
55% H,O. The eutectic mixtures S; H,O and 8); H,O contain 60% 
and 50% S, respectively. The composition of the ternary eutectic 
mixture is 50% S,, 25% S,,;, and 25% H,O. Draw the isothermal 
section of the phase diagram at a temperature above that of crystal- 
lization of water but below that of crystallization of the binary 
eutectic mixture salt-salt. Follow the process of isothermal evapora- 
tion of water from the system. 

2. Follow, on the phase diagram of a system containing two salts 
S; and S;; with common ions plus water, the isothermal evaporation 
of water from a solution containing 15% Sy, 25% S,7z, and 60% H,O. 
The solubility of salt S; in water is 45%, and that of salt S,;; is 50%. 
The combined solubility of salts S; and S,;; is 40 and 25%, respec- 
tively. Assuming that the solubility lines are straight, determine 
which salt will be the first to start crystallizing during isothermal] 
evaporation of water, how much water is to be evaporated from 1 kg 
of the above system before the first crystal starts forming, and how 
much water is to be evaporated before the onset of cocrystallization 
of salts S; and Sy7y. 

3. Proceeding from the isothermal section of the phase diagram 
of a ‘TI,Cl,-Tl,(NO;),-T1,50, system, given in the handbook, deter- 
mine the amount of Ti,5O, which will crystallize from a system 
containing 20% TI,Cl,, 20% TI,(NO;),, and 60% TI,SO,, when 
the system is cooled down to 400 °C. 


Multivariant Problem 


A ternary system H,O-A-B contains salts A and B which do not 
form chemical compounds with each other and with water. 

(1) Given the contents of the salt-water eutectics and the ternary 
eutectic, draw the isothermal! section of the system at a temperature 
above the melting point of ice but below that of the eutectic salt- 
water. 

(2) Mark point p corresponding to the composition of the initial 
system on the diagram. 

(3) Which salt and in which amount will crystallize from 1 kg of 
the system during isothermal evaporation of water? 

(4) Determine the amounts of salts A and B which will pass into 
the solid phase after evaporation of 90% of the water present in 
the initial system. 

(5) Calculate the ratio between salts A and B in the solid phase 
after evaporation of 90% of water from the system. 
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Weight percentage 


in the system at | Wiehe outectics. ee 
a 
S A B A B A B H20 
> 
1 30 10 70° 50 40 30 30 
2 20 10 80 60 40 30 30 
3 10 10 60 80 30 30 40 
4 20 30 50 70 20 50 3) 
5 20 20 70 50 20 30 50 
6 20 10 40 50 40 30 30 
7 10 30 60 80 30 30 40 
g 10 20 50) 70 30 40 30 
9 10 40 70 50 30 30 40 
10 30 10 80 60 30 40 30 
11 20 10 60 30 50 30 20 
12 10 10 50 70 40 30 30 
13 20 30 70 50 40 30 30 
14 20 20 80 60 30 40 30 
15 20 10 60 80 40 30 30 
16 10 30 50 70 40 20 40 
17 10 20 10 50 40 40 20 
18 10 40 80 60 40 40 20 
19 30 10 60 30 30 40 30 
20 20 10 50 70 40 40 20 
24 10 0 70 50 50 30 20 
22 20 30 80 60 50 30 20 
23 20 20 60 80 30 30 40 
24 30 10 50 70 50 20 30 
25 10 20 70 50 50 20 30 
CHAPTER 17 


Chemical Equilibrium 


Basie Equations and Symbols 


— mass action law for a reaction having the following general 
orm: 


VjsA+veB = vpD-+ veE (a) 
and proceeding in the gas phase under conditions where the laws 
of idea) gaseous state apply is given by the equation 


K, = cpPep lessen (17.4) 
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where c; is the equilibrium molar concentration of the ith component, 


C; = P,/RT (17.2) 
where P; is the equilibrium partial pressure of the ith component, 
Kp= Pp Ps /P SPs (17.3) 
P, — x;P (17.4) 
Vv Vv V Vv 
K,= DE P*DT*YE VA *B — 2p EB pd” (17.5) 
ry AreB Ar B 


where z; is the equilibrium molar fraction of the ith component, 
P is the total pressure of the equilibrium mixture, and Av is the 
change in the number of moles of the substances in the ideal gaseous 
state; 


Av= 2 (v;)1— 2 (vi) (17.6) 
2 v4 
where v; is the stoichiometric coefficient of the reaction; 
nj ni 
r= ea 17.7 
n natnptnrgtrzpt+ Mn ( ) 


i 
where 7; is the number of moles of the ith component in the equilib- 
rium.mixture, ”,, is the number of moles of the inert gas (gas that 
does not participate in the chemical reaction), and zp x 100, 
xe X 100 is the equilibrium percentage yield of the reaction pro- 
ducts. 

The relationship between the equilibrium constant expressed in 
terms of partial pressures and that expressed in terms of concentra- 
tions Is 

Kp = K (RT)AY (17.8) 


The equilibrium constant can also be expressed in terms of the 
degree of conversion (a). Here the exact form of the equation Kp = 
f (a, P) depends on the reaction type. For example, for the 
reaction 


A -+ 2B = 2D (b) 
Kp = la’® (8 — a)I/[(A — a) P (17.9) 
“aa = An, /n, QR = Anp/nh (17.10) 


where a, and @p stand for the fractions of the initial substances that 
have undergone the chemical transformation (degree of transfor- 
mation), while An, and Ang stand for the number of moles of 
components A and B that have undergone the transformation; 


Any = ni — ny, Ang = rk — ng (17.11) 
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where ns and np are the number of moles of substances A and B in 
the initial state of the system, 7, and mp stand for the number of 
moles of substances A and B in the equilibrium state of the system. 
If substances A and B are taken in a stoichiometric ratio, then 


nh = 2nh (17.12) 
and 
C3 = Z (Ang )/2n% — QA (17.13) 
The measure (depth) & of the reaction is 
& = An,/v; (17.14) 
For reaction (a), 
E = Ana/1 = Anp/2 (17.15) 
For relation (17.14) Eq. (17.15) takes the form 
ae! (17.16) 
The van’t Hoff equation for the isotherm of reaction (a) is 
p’DpYE 
AG p, py = RT In ——— — RT In Kp (17.17) 
P APB 
A*B 
cD eV EB 
AAy, y= RT In “—— — RT In K, (17.18) 
A,B 
Ca oR 


where Pa, Pp, Pp, and Pr are the partial pressures of the initial 
substances and reaction products, and ca, Cp, Cp, and cg are the 
molar concentrations of the initial substances and reaction products; 


AAy 7 = AGp,r (17.19) 
For the standard state of the system, 

AG? = — RT In Kp (17.20) 

AA° = — RT In K, (17.21) 

AA® ~ AG? (17.22) 


In the SI system, Eg. (17.20) takes the form 
AG781) = AGT atm) - AVRT In 1.0133 * 10° (17.23) 


where the subscripts (SI) and (atm) indicate that the equilibrium 
pressures are given in pascals and atmospheres, respectively. 

Calculation of Gibbs’ energy AG;,, for reactions in the standard 
state and 298 K is based on the equation 


AG:,, = AH?,, — 298AS° 


298 


(17.24) 
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where AH,,, is the heat of the reaction at 298 K, and AS%,, is the 
change in entropy of the reaction at standard pressure and 298 K. 

Calculation of Gibbs’ energy AG? for the reaction by the quantum- 
statistical method is based on the equation 


AG? G°—H? AH? 
i= (=4-*) + 7 (17.25) 


T 


—___ 


(G° — He) 
where ee 


is the reduced Gibbs energy, and AH, is the hypo- 
thetical heat of thereaction at absolute zero in the ideal gaseous state; 


AH? = AH> — A (H> — H°) (17.26) 


The values of (#7; — H;>) are calculated by the quantum-statistical 
method. 

Calculation of Gibbs’ energy AG; for the reaction by the thermo- 
dynamic (Temkin-Shvartsman) method is based on the equation 


T 2 
AG = AH39g — TAS398 + \ ACp dT —T \ ACP dT (17.27) 
298 298 


Substitution of the temperature dependence of AC>p: 
AC = Aa + AbT + AcT? + AdT3 + = 


T2 
into .Eq. (17.27) gives 
AG; = AH},, — TAS),, — T (M,Aa + M,Ab + M,Ac 
+ M,Ad + M_,Ac) (17.29) 
The coefficients M,, M,, M@,, M,, and M_, have been calculated 
and are given in handbooks for several temperatures. 
The temperature dependence of the equilibrium constant of a reac- 


tion is given by the van’t Hoff isobar (isochore) equation in the 
following differential form: 


dinKp — AH? 


(17.28) 


So oer (17.30) 
dink, AU? 
he (17.31) 


Equations (17.30) and (17.31) can be integrated for the following 
conditions: 


(1) AH®=const, ACp=0, logKp=— ss. +const (17.32) 


2.3026R 
(2) AH° ~ const, AC, = const, ACp = Aa, 


log Kp = 4—+ Blog? +C (17.33) 


Ch. 17 Chemical Equilibrium 287 


or 
log K p» =—AHzee— 80008 42 log T + const (17.34) 
(3) AH° ~ const, ACp = Aa + AOT 
log Kp = 4+ Blog? +DI +C (17.35) 
or 
Aa29-+-5" 208? - 
log Kp= —saenT log ee Keay F T + const 


(17.36) 


(4) AH® =« const, ACp = Aa-+ AbT + AcT? + a 


log Kp =e +E -+C+DiogT+ET+ FT? (17.37) 
The equilibrium in the gas phase at medium pressures is calculated 


as follows. 
The equilibrium constant for reaction (a) will be 


Ky= foe fee/ fate? = KK yP& (17.38) 
where 
K = appre arg (17.39) 
Ky = yo vet /2 yp (17.40) 
V¥:=S;P (17.41) 


j; being the fugacity of the ith component in the equilibrium mix- 
ture. It can be assumed without any significant error that 

fi = fix; (17.42) 
where f? is the fugacity of the pure ith component at the equilibrium 
mixture pressure, or 


fi = Pyar; (17.43) 


the activity coefficient y; being determined by the corresponding 
states method. 


Exercises 


1. Calculate the degrees of transformation a, of the initial sub- 
stances of the reaction A + 4B = D, the depth § of the reaction, and 
the equilibrium yield of the reaction product D (zp x 100) if the 
initial amounts of substances A and B are nk = 1.000 mole and 
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n4 = 12.000 moles. Once equilibrium is reached, na = 0.025 mole, 
ny — 8.100 moles, and rp = 0.975 mole. 

Solution. According to Eq. (17.10), the degrees of transformation 
will be 


1,000 — 0.025 


— (0.975 and ap= 7 


To calculate the depth of the reaction use Eq. (17.14): 


no —n ni—n = _ 


Determine the equilibrium yield of substance D from the molar 
fraction of this substance while the system is in the state of equi- 
librium: 

NOH Q.975 


na-npenp  0.025-+-8.100-+-0.975 = 0.107 


Lp = 


The equilibrium yield of substance D will be 0.107 «x 100 = 10.7%. 
2. Calculate the equilibrium constant A, of the reaction A + 

4B = D if the volume of the reaction vessel is V = 0.05 m?. 
Solution. According to Eq. (17.1), 


CD np/V 0.975 x 304 
Ae= CACh ~~ nalV (np/V)* ~—-0.025 & 8.1004 = 9.66 x 10% 

3. The equilibrium constant of the reaction H, + I, = 2HI at 
693 K is K, = 90.25. Calculate the yield of hydrogen iodide if 
0.846 x 10-3 kg I, and 0.0212 x 10°* kg H, have been placed in 
a vessel having a capacity of 107% m%. 

Solution. Determine the number of moles of the initial substances: 


» 0.0212 x 1073 


NH, = 5 —— 10?= 0.0106 mole H, 
ny, = Se 103=0.00333 mole I, 
H, at I, = 2HI 
10.6 x 10°3 3.33 X 1073. QO numbers of moles in 


the initial state 
of the system 


10.6 x 103 —2x d.00 X 1073 —-x x numbers of moles in 
the equilibrium 
state of the system 


r= ni—n, 
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Find K, with the aid of Eq. (47.1): 


_ __ (ny /V)? ef 00-9)9 
= Thy, /V) (nz,/V) (40.6 X 10-8 —a)/10-5] [(3.33 x 10-8 — 2) 10>) 


= 90.29 
Solution of this equation gives 


46.2522 — 0.70152 + 1.7737 x 1073 =0 


0.7015 + Y0.70152—4 x 1.7737 x 10-3 x 46.25 - 
Hence = 24,. = ———= 5x46.05 
0.70415 + 0.4049 


92.50 ,Z,= 11.961 x 10-3 and 2, = 3.206 x 1073 


The first root, z,, makes no physical sense because z cannot exceed njy, 
in magnitude; z, = 3.206 x 10-° mole. The amount of HI resulting 
from establishment of the state of equilibrium will be my, = 
22Myy = 2 X 3.206 «x 107% x 128 x 107-3 = 0.821 x 10-3 kg. 

4. A closed vessel having a capacity of 0.05 m? contains one mole 
of substance A and 412 moles of substance B. The reaction A + 
4B = Dresults in equilibrium. The total pressure in the equilib- 
rium state of the system is 4.51 x 10° Pa. Calculate the equilibri- 
um concentrations of all reactants at 298 K. The system obeys the 
laws of ideal gaseous state. 

Solution. According to the equation of the reaction, write the 
numbers of moles in the initial and equilibrium states: 


A +4B =D 
1 12 QO numbers of moles in the initial state 
1{—2z 12 —4zx x numbers of moles in the equilibrium state 


>) ny =1—24+-12—42 +2 =13—42 
According to the Clapeyron-Mendeleev equation (PV = dR rT), 


= 454408 x0.05 
>; n; = 13—4zx = 33143 x 298 9.10 moles 
i 

= Bae = 0.975 mole 
To determine the equilibrium concentrations, use the equation 
Cc; = n,/V: 


CA = 0.05 = (0.5 mole/m 

C= —— 5. = 162 moles/m 
0.975 | ; 

CD= 395 = 19.5 moles/m 


19—08 78 
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5, At 693 K, hydrogen and iodine are confined in a closed vessel. 
In the initial state of the system, the partial pressures are Py, = 
0.4524 x 10° Pa and Py,, = 0.1682 x 10° Pa. The equilibrium 
partial pressure of HI is Pyy = 0.38222 x 10° Pa. Calculate the 
equilibrium partial pressures of H, and |, and the equilibrium con- 


stant. 
Solution. The decreases in the partial pressures of hydrogen and 


iodine (APy, and AP,,) are equal: 
Py, = Py, — APy, and P 1, == Py}, —AP1, 
where Py, and Pj, are the equilibrium partial pressures of hydro- 


gen and iodine. The partial pressure of the resulting HI equals twice 
the decrease in the partial pressure of hydrogen: 


Py = 2APy, = 2AP;,, AP=0.3222 x 105/2 ~0.1611 x 10° Pa 


Then, 
PH, = 0.4521 x 105— 0.1611 x 10° = 0.2910 x 105 Pa 


Pt, = 0.1682 x 105—0.1614 x 10° = 0.0074 x 105 Pa 


Calculate Kp using Eq. (17.3): 
(Pt,,) 6\2 
Ko pp = TST CIO — 00-28 
Hari, 0-2910 x 108 X 0.0071 x 10 
6. The process of chlorine production through oxidation of hydro- 
gen chloride is based on the reaction 
4HC]+ 0O,= 2H,0-+ 2Cl, 


Mixing one mole of HCl with 0.480 mole of O, yields 0.402 mole of 
Cl,. Calculate Kp if the system is at P = 1.0133 x 10° Pa and 659 K. 

Solution. Formation of 0.402 mole Cl, requires 0.804 mole HCl and 
0.201 mole O,. In the state of equilibrium, 


Ncle = N yo = (0.402 mole 
Nyc) = 1.000 — 0.804 = 0.196 mole 
No, = 0.480 — 0.201 =0.279 mole 


>) n; = 0.196 + 0.279-+ 0.402 + 0.402 = 1.279 moles 


Refer the equilibrium partial pressures to the standard one 
(1 atm): 
P3140 = 0.402/1.279 = 0.314 
Poi, = 0.402/1.279 = 0.314 
Pic) = 0.196/1.279 = 0.153 
Po, = 0.279/1.279 = 0.218 
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Then, 


0.3142 X0.3142 
Kp= pagar xoae 1-3/6 


7. At 823 K and 1.0133 x 10° Pa, the degree of dissociation of 
phosgene into carbon monoxide and chlorine is 77%. Deter- 
mine Kp and &,.. 

Solution. The dissociation process can be written as follows: 
COC], == CO + Cl,. The equilibrium partial pressure equals the 
total pressure times the equilibrium molar fraction: 


Poo == Proo ’ Pol, ma Prog: and Pcocis = PIcocl, 


COC],=C0O+ Cl, 
1 0 O initial numbers of moles 
4—a a a equilibrium numbers of moles 


tn; =t—-atat+a=-teea 


Hence, the equilibrium partial pressures referred to the standard 
one (1 atm) will be 


OL 1—a@ 

Poo=Peu= Pare > Poors = P aay 

_ P2q? (1-+-¢a) _ a2 _ 0.772 __ 
Kp=—Gtay Pisa) Pot = T0777 = 1-496 


K,= Kp (RT)~*” © 1.456 (8.3143 x 823)7! = 21.56 


8. In the reaction 
3Fe-+-4H,O =Fe,0,-+4H, 


at the initial water vapour pressure of 1.3325 x 10° Pa after equilib- 
rium has been established at 473 K, the equilibrium partial pres- 
sure of the evolving hydrogen is 1.2717 x 10° Pa. Determine the 
yield of hydrogen if water steam is injected at 3.0399 x 10° Pa and 
473-K into a2 X 10-% m® vessel containing metallic iron. 

Solution. Since the concentrations of metallic iron and Fe,O, in 
the gas phase are virtually constant, the equilibrium constant of the 
reaction can be written as 


K p= PY,/Pi.o or Kp = Py,/Px.0 
where Kp = Kp“. The reaction proceeds without any. change in 


volume, therefore, when equilibrium is attained, Py,g = 1.3325 x 
10° — 1.2717 x 10° = 0.0608 x 10° Pa = 0.0600 atm. 


Py.o = 1.2717 x 105 Pa = 1.2550 atm, Kp= <> — 20.917 
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To determine the molar yield of hydrogen use the Clapeyron-Mende- 
leev equation: 
tH. = Py V/RT 
Py, = Py.oK p = (3.0399 x 10°— Py,) Kp 
3.0399 x 105K; 
0399 x 10K _ 3.0899 x 10° x 20.916 __ 5 gq49 408 Pa 


———y 
— 


The hydrogen yield will be 


2.9012 x 10° x 2 x 1073 = 
9. Calculate the equilibrium yield of NO, in the reaction N,O, = 
2NO, at 1.0133 = 10° Pa and 298 K. 
Solution. To determine the equilibrium yield one must know the 
equilibrium constant of the reaction. Take the necessary data from 
the handbook and calculate Gibbs’ energy using the equation 


AG:,, = AH’,, — 298AS?,, 


Substance NO, N,O, 
AH;, a98° kJ/mole 33 .89 9.37 
Se aa J mole? K-1 240.45 304 .3 


AH? =58.44 kJ, AS°. = 176.6 J 


298 298 


AG? 4g = 08.41 X 10° — 298 X 176.6 = 5.78 X 10° J 


Use Eq. (17.20) to calculate Kp: 


5780 _ =. 
log Kp= — 2.3026 X 8.3143 Xx 298 — 1.0131 webbie. 
K p= 0.0970 
PrNo 
Kp= 2 = (0.0970, xo, = 0.0970 — 0.0970zno, 


1—Zno, 


ENOs + 0.0970zno, — 0.0970 =0 


Solution of the second-degree equation gives two roots one of 
which makes no physical sense. Then, zyng, = 0.2667, and the 
equilibrium yield is tyo, x 100 = 26.67%. 

10. Determine the equilibrium constant Kp of the reaction of 
ammonia oxidation: 

NH: + < 0,= —N.+ = H,0 
at 1000 K. For the calculation use the following equilibrium constants 
of the reactions of ammonia and water formation from simple sub- 
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stances at 1000 K: 
4 3 
3 Ne + 3H,—NH,; Ap ,=9.69X 10° © 


f 
% O.+H,=H2Og)  KP_= 1.48 x 101° 


(pressure is given in atmospheres). 
Solution. Derive an equation in which Kp to be found is related 


to the known values of Kp, and Kp,: 
3 0 0 
AG? — oY AG}, HO AG}. NH3 


where AG}; is the standard change in Gibbs’ energy during forma- 
tion of a given compound from simple substances, and AG° is the stan- 
dard change in Gibbs’ energy of the ammonia oxidation reaction. 


— RT \n Kp= —> RT n Kp, + AT In Kp, 


or 


K 1 


1. The equilibrium constant of the reaction H, + I, = 2HI 
at 693 K is 50. Will the reaction yield hydrogen iodide, provided 
it is ideally reversible, if the initia] concentrations are as follows 
(mole/litre): H, 2, 1.5, 1; I, 5, 0.25, 2; HI 10, 5, 10? The substances 
are fed into the reaction vessel from infinitely large containers. 
Hydrogen iodide is discharged from the reaction vessel into an 
infinitely large receptacle in which its concentration is cyt. 

Solution. Use the van’t Hoff isotherm equation 


AG=AA= RT (In In K) 


{HH} [Le] 
to calculate AG or AA. Establish the sign of the result. To this 
end, calculate the values of aa and compare them with A,: 
2 


({) for the first arbitrary concentrations 


10° =10<—50, AG<O 


the reaction will proceed spontaneously in the forward direction; 
(2) for the second arbitrary concentrations 
52 
TB x0 a5 = 96.66 > 50, AG > 90 


the reaction will not proceed spontaneously in the forward direction; 
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(3) for the third arbitrary concentrations 


Yat, ACD 
2x1 i: _ 


the system is at equilibrium. 

12. Express the equilibrium constant Ap of the reaction H, + 
0.50, = H,O;g) in terms of total pressure P and degree of dissocia- 
tion « of the water vapour. 

Solution. If one proceeds from one mole of H,Og) (nfi,o = 1). 
then at the degree of dissociation a, (1 — a) mole H,O (ny,o) will 
remain in the equilibrium mixture and a/2 mole O, (no,) will form. 
The total number of moles in the equilibrium mixture of the gases 
will be 


din, =a+a/2+1—a= (a+ 2)/2 


Then, the equilibrium partial pressures will be 


_ Ct _ 20 
Pi =P (a + 2)/2 _s a+2 
= a/2 _ of 
Por=P (a + 2)/2 cl a+2 


_ 1-a 2(1—a) 
P10 = P a+ 2 =? a+2 
2 


and the equilibrium constant of the reaction will be 


_ "Hao P29) (a +-2) (+22 _ (4a) (+2)97 
- Pr pi/2 — (a+-2) P2aP!/2 q}/2 P1/2q3/2 


13. Determine the standard affinit of calcium oxide for carbon 
dioxide at 1.0133 x 105 Pa and 1130 K if the pressure of CaCQ, 
dissociation at this temperature is 0.560 x 10° Pa. 

Solution, Calculate the equilibrium constant of the reaction 
CaO + CO, = CaCQ;, using the following relation: 


AG i490 — == RT In K p —— ee 8.3143 x 1130 x 2.0026 log Kp 
Determine the equilibrium constant from the partial pressure of 


CO, (Pco,) in atmospheres because the pressure of 1 atm is con- 
sidered to be the standard state. 


a ee 1 _ 
Kp = — = Tapp car 10188 x 10*= 1.8095 


AG 139 = — 8.3143 x 1130 x 2.3026 log 1.8095 = —5.5718 x 103 J 
14. Determine the equilibrium constant of the reaction 


Al,03-+ 3803 = Alg(SQ,4)s 
at 2938 K., 
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Solution. Calculate the heat of the reaction and the change in 
entropy at standard pressure and 298 K, using the necessary data 
from the handbook, namely, the heats of formation and absolute 
entropies: 


Substance Al,(SQ,4); Al,Og SO, 
AH® sans kJ/mole — 3434 —1675 —395 .2 
S°, J mole? K-! 239 .2 50 .94 256 .23 


For the above reaction, 


AH?., = —573.4 kJ, AS?,, = —~ 580.43 J/K 


298 
Use Eq. (17.24) to determine the standard affinity: 
AG.,, = — 973.4 x 103 — 298 (—9580.43) = — 400.43 x 10° J 


To determine the equilibrium constant use Eq. (17.20): 


AG Soe 400.43 x 108 


~~ 2.3026 R 298 2.3026 x 8.3143 x 298 70.1885 


log Kp= 


15. Determine the equilibrium constant of the reaction SO, + 
0.50, = SO, at 700 K if Kp = 588.9 at 500 K (the pressure is 
expressed in Pa) and the heat of the reaction in the above tempera- 
ture range is —99.48 kJ. 

Solution. Use Eq. (147.32) at AH? = const: 


AH‘, 


108 Kp, x0 = — SRB KBBIes Koo +B 
AH?. 
log Kp, 0 = — 33038 xB.a1axT00 1 PB 


AH: { { 
log Kp, 700 = log K p, 500 SANDEE AES ( 


eee 


2.3026 < 8.3143 \7U0 500 
_ 99.48 x103 /¢ 4 1\ 
= log 588.9 + ( 55 — 500} ~ — 0.1996 
K p, 700 0.632 


16. Write the temperature dependence of log Kp for the reaction 
CO + H,O = CO, + H,. Define the temperature range in which 
this dependence will hold. Calculate Kp at 700 K. 

Solution. Find the relation log Kp = f (T). To this end, write 
the temperature dependence of AGp. The solution is most convenient 
in tabular form: 
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Cp=f(T), J mole-1 K-1 


AH, ; Soog, at _____| Temperature 

Substance k Vacle J Pats K-1 range, K 
a bx103 c’X 10-5 
CO, —-393.54 213.6 44.14 9.04 | —-8.53 298-2500 
He 0 130.6 27.28 3.26 0.502 | 298-3000 
CO —110.5 197.4 28.44 4.10 | —0.46 298-2500 
H20(g¢) —241 .84 188.74 30.00 10.71 0.33 298-2500 
For the reaction, 
AH}, = — 41.17 x 10° J, AS}, = 41.94 J/K 

Aa = 13.01, Ab = — 2.51 x 1077, Ac’ = — 7.90 x 10° 


The temperature range in which the calculated values hold is 298 
to 2000 K. Calculate log Kp at 298 K using Eq. (17.20): 


—41.17 x 108 — 298 x 41.94 
2.3026 < 8.3143 « 298 = 9.0297 


Find the temperature dependence of the heat of the reaction using 
Kirchhoff’s law (6.31): 


log Kp, 298= — 


d AH® 0 = 7.90 x 105 
sa = ACh = 13.01 — 2.51 x 10-37 — LAX 
AH% = AH3,,-+ 13.01 (7 — 298) — 24X10" (72 2982) 


+.7.90 x 105 (+ ~- 555) — —44.47 x 103— 413.04 x 298 
4. 251X410" yg ___7,90x 108 


5 508 13.0147 — 1.255 x 10-37% 


5 
i = 10 
AA; = — 47.986 x 108+ 13.017 — 1.255 x 10-372 + 7.90 x 1059/7 


Substitute the derived relation into van’t Hoff’s isobar equa- 
tion (17.30) and integrate between 298 and 7: 


7.90 x 105 
— 47.586 X 109-+ 13.017 —~ 4.255 x 10-872 | —— 


Rr aT 


T 
InKp,r=In Kp, o+ | (—“S A" 4-3" —0.151 x 10 
298 


f 
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4 20) aT = 11.5724. 5.723 x 108 (+ — 555) +1.565 In T 


T3 
— 1,565 In 298—0.151 x 10-3 (T— 298) —290x1" ( F_ 


y) T? 2982 
— 44.572 —19.205 — 8.916 +.0.045 +0.535 4+ fe 
4- 1.565 In T—0.451 x toro 4t5 108 


Finally, we derive an equation of the log Kp = f (7) type: 


In Kp, p= —15.969-+ 22X00" 4 4.565 In T—0.151 x 10°87 
0.475 « 105 
eee 
OT 


0.206 x 10° 


2.485 X 10° 
T 7 T 


log Kp. ne 
—- 6.935 + 1.565 log T — 0.066 x 10°37 
This equation holds in the temperature range of 298 to 2500 K. To 


determine log Kp at any temperature in the range of 298 to 2500 K 
substitute the temperature into the equation: 


log Kp. 100= SLA 4+ 1.565 log 700 
— 0.066 x 10-3 x 700 = — 0.042 + 3.550 — 6.935 
+. 4,453 — 0.046 = 0.980 


K p.z00 — 9, Oo 


17. The temperature dependence of the equilibrium constant for 
the reaction H, + Cl, = 2HCI is given by the equation 


log Kg = = — 1.312 log T+-0.428 x 10°87 +SUEXI 1 4 9 


Determine the heat of the reaction at 1000 K. 
Solution. Transform log into In: 


In Ky = SUKI — 1.312 In 7 +0.295 x 10-37 + SASK EE 44 28 


According to Eq. (17.26), AH; = RT? : suis 


5 21.671 * 103 | sa - 0.506 x 105 
AH = RT? { ———T A —-= = + 0.295 x 10°35 — a) 
— — 180.179 x 10?— 10.9087 4+. 2.453 x 10-372 — sam 
AH? ..= — 180.179 x 103— 10.908 x 103 + 2.453 x 103 


— 0.421 x 103 = — 189.055 x 108 J 
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18. Determine the equilibrium constant of the reaction 
n-C, Hy = { ,3-C, He, + 2H 


at 800 A. Use the values of (tee 0 and AH,, given in the hand- 
book. 

Solution. Calculate AG go9 using Eq. (17.25) and determine A p from 
the standard affinity. Find the values of ( Zs Ae | and AH} in 
the handbook: 


Substance 4 ,3-G, H. H, n-Cy Ho 
( sine), J mole~! K-1 298.07 —130.482 —833.47 
AH?, kJ/mole 125 .95 0 _97 984 


For the above reaction, 


A (See Fe ) — — 225.864 J/K, AH; = 223.931 kJ 


4 GCG: — HH? AH? 
log K p(atm)= — 2.30262 |A ( F + oF 

{ 223.931 x 103\ __ _ 
=-aE ( — 225.864 di a = — 2.8233, Kp=0.0015 


19. Determine the equilibrium yield of CH,OH at 523 K and 
1.0133 x 10’ Pa in the reaction CO + 2H, = CH,OH,,, if the 
initial mixture is stoichiometric; K, 5.3; = 2.239 < 10° (pressure 
is given in atmospheres). 

Solution. Calculate K, using Eq. (17.38): 


fool, § *coth, VCO Hp. 
Find the values of y; by the method of corresponding states. The 
+ = f (x, t) curve is given in the handbook: 


ICHs0H CH30H VCH = 
eames K A 3 3 30H 


Substance Porm am rn | / en K. | 4 | 
CH,OH 79.54 1.27 513.2 1.02 0.55 
CO 34.96 2.90 132.9 3.94 4.05 
Ho 12.96 7.82 33.3 15.71 1.06 

0.55 
R OT A 


¥™ "4.05 x 1.062 


K = 2.235 x 10-3 = —SHs0M_ 9 466 x 10072 
LCOt 


He 
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Hence 
*CH30H_ __ 47 96 


tcO7};, 
Write the initial and equilibrium numbers of moles according 
to the equation of the reaction: 


4 2 9 initial numbers of moles 
4—x 2—2z x equilibrium numbers of moles 
4—Zz 2—22 


i 
2: Mi =3— 22, TeHon= Gorge > Teo Boge MHa=3Z—7ee 
a 
x (3—2z)§ — £(3—2z)? | 
G22) Taxa Faas — 47-90 


In order to calculate z, one must solve the third-degree equation. 


Find x by way of selection. The value of z cannot exceed unity and 
be negative: 1 > x > 0. As can be determined from the above rela- 


tion, 2(3 — 22)" _ 194.84. If the root of the equation is substitut- 


{—2z) 
ed for z, the left-hand side will equal 191.84. If an arbitrary value 
is substituted for z, the left-hand side will be different from 191.84. 


Denoting a by A and using an arbitrary value of z gives 


different values of A. For instance, if z = 0.900, then A = 1296, 
if zx = 0.950, then A = 9196. Consequently, A increases with =z. If 
x = 0.800, then A = 196.0, and if z = 0.790, then A = 172.0. 
Linear interpolation between the last close values of A gives the 
value of the root of the equation: 


(196.0 — 172.0) — 0.01 y = 0.0017 
(196.0 — 191.84) — y 


For x = 0.7983, 


0.7983 x 1.40343 
0.20178 


which corresponds to the yield of methanol from 1 mole CO and 
2 moles H.,: 


= 192.6 


0.7983/(3 — 2 x 0.7983) = 0.57 mole 


20. Determine the composition of an equilibrium mixture if the 
following composite reaction proceeds in the gas phase at 600 K: 


CH,Cl-+ H,0 =CH,OH+ HCl (I) 
The equilibrium constants of the reactions are Kp.) = 0.00154 


and K p11) = 10.6. 
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Solution. The methanol yielded by reaction (I) enters into reac- 
tion (II) to yield dimethy] ether and water. The two reactions proceed 
without any change in the number of moles, hence, 


Mo x 
CH HC} 
Kp. (I) = a — 0.00154 
CH 3Cl”H20 


LL M 9 
CHs0CH3" H20 
onaOehs Hs0 40-6 


Kp. (Il) = ze 
CHs0H 


Denote the number of moles of HCl by z if the initial mixture con- 
sists of one mole of CH,Cl and one mole of H,O. Denote the number 
of moles of CH,OCH, by y. Then, in the state of equilibrium, the 
system will contain ({ — 7) CH,C]l, 4 —z-+y) H,O, (@ — 2y) 
CH,0H, zx HCI, and y CH,OCHg. Since the number of moles of the 
gaseous reaction products does not change, the- numbers of moles 
are equal to molar fractions: 


_ x (x — 2y) _ y(1—z+y) 
Kp.) =G—p Garry — 0-00194, Kp, (IN = “Goa = 10. 6 
To find xz and y, solve these two equations together. To facilitate the 
x — dy 
solutions express —<—-e from the second equation as 
ae and substitute it into the first equation: 
y x 
0. 00154 = ——— Wée- by)’ Tor a = 0.016324 
Solve the equations 
a{r—2y) . 
and 
xy _ 


by the selection method. First find the range of possible values of x 
and y;:O<(x<cl1, 24y<cz, y<( 0.5 xz, and y< 0.5. Given the 
values of z, find those of y using Eqs. (a) and (b): 


Conclusion 


y (a) | y (b) 


0.1 0.04346 0.02060 y (a) differs significantly from y (b) 
0.05 | 0.01094 0.00957 y (a) is close to y (b) 
0.04 0.00222 0.008786 y (a) differs significantly from y (b) 
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An exact solution can be obtained by plotting y (a) = f (2) and 
y (b) =f (x). The coordinates of the point of intersection of the lines 
will represent the solutions of the equations: z = 0.045 and y = 
0.009. The composition of the equilibrium mixture will then be 
as follows: 0.952 mole CH.Cl, 0.961 mole H,O, 0.030 mole CH,OH, 
0.009 mole CH,OCHs, and 0.048 mole HCl. 


Problems 


4. Mixing one mole of acetic acid with one mole of ethanol initiates 
the reaction : 


CH,COOH-+ C,H,OH = CH,COOC,H, + H,0 


When equilibrium is established, the reaction mixture contains 1/3 
of a mole of the acid, 1/3 of a mole of the alcohol, 2/3 of a mole of 
ether, and 2/3 of a mole of water. Calculate the number of moles 
of ether in the reaction mixture in the state of equilibrium under the 
following conditions: (1) one mole of the acid in two moles of the 
alcohol; (2) one mole of the acid, one mole of the alcohol, and one 
mole of water; (3) one mole of ether and three moles of water; (4) one 
mole of the acid, one mole of the alcohol, one mole of ether, and 
one mole of water. , 

2. The equilibrium constant of the reaction CO + H,O = CO, + 
H, at 800 K is 4.12. A mixture of 20% CO and 80% H,0O is heat- 
ed to 800 K. Determine the composition of the mixture in the 
state of equilibrium and the yield of hydrogen if 1 kg of water 
vapour is taken. 

3. The equilibrium constant of the reaction H, + I, = 2HI at 
717 K is 46.7. Determine the amount of dissociated HI after heating 
1 mole HI to 717 K. | 

4. Determine the equilibrium constants Kp and A, of the reaction 
of dissociation of I, when 1.513 x 10-* mole of iodine is heated to 
1073 K if its vapour occupies a volume of 249.3 x 10-° m® at 
9.81 x 104 Pa. 

o. Calculate the pressure and degree of dissociation of N,O, if, 
xt 323 K, 1 mole N,O, is in a vessel having a capacity of 0.075 m’. 
Determine the initial pressure of N,O, (N,O, dissociates in the 
eaction N,O, = 2NQ,) if 1 mole NO, occupies, at 323 K, a vessel 
iaving a capacity of 0.125 m*. Once equilibrium is established in 
the vessel, the pressure is 3.485 x 104 Pa. 

6. Calculate the equilibrium constants Kp and K, of the reaction 
).0 NO, = NO, if a = 0.538, the pressure is 5.49 x 104 Pa at 323 K. 

7. At 500 K, the equilibrium constant of the reaction PCl, = 

l, + PC], is Kp = 3.374 X 104 Pa. Determine the degree of 

ssociation of PCI, at this temperature if the pressure in the state 
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of equilibrium is 8.106 x 104 Pa. At what total pressure in the sys- 
tem will the degree of dissociation of PCI, equal 70%? 

8. At 900 K, the equilibrium constant of the reaction H, + Cl, = 
2HCl is K, = 10%1°'. The degree of dissociation of water vapour 
at this temperature and at 10.133 x 104 Pa is 10-7-°"*, Calculate the 
equilibrium constants Kp and K, of the reaction 4HCI + O, = 
2H,O + 2Cl, at the same temperature. 

9. At 767 K and 9.899 x 104 Pa, nitrogen dioxide dissociates by 
96.5% in the reaction 2NO, = 2NO + O,. Determine Kp and KA, 
and the pressure at which NO, dissociates at the same temperature 
by 80%. 

10. At 375 K, the equilibrium constant of the reaction SO, + 
Cl, = SO,Cl, is K, = 9.27. Determine the concentration of 
SO,CI, in the state of equilibrium if the initial concentrations of SQ, 
and Cl, are as follows: (1) ¢so, = ¢ci, = 1 kmole/m*, (2) cgo, = 
Cc, = 2 kmole/m’, and (3) ¢so, = 1 kmole/m*, cc), = 
2 kmole/m*. 

11. At 525 K, the equilibrium constant of the reaction PCI, = 
PC], + Cl, is Kp = 1.780. At what pressure should an equimolar 
mixture of Cl, and PCl, be taken for the pressure of PC], to be 
2 X< 10* Pa in the state of equilibrium, V = const? 

12. If0.03 mole H, and0.01 mole N, are injected into a vessel 
having a capacity of 1 m?®, the pressure in it at 1000 K will be 18.127 x 
104 Pa. Determine Kp and K, of the reaction 3H, + N, = 2NH, 
which will occur in the vessel. 

13. ‘A mixture of one mole of ethanol with 0.091 mole of acetal- 
dehyde in the state of equilibrium at 298 K occupies a volume of 
63 xX 10-% m? with 90.72% of acetaldehyde entering into the reaction 


2C,H,OH + CH,C HO = CH,CH(OC3H;5), + H,O 


Calculate the equilibrium constant K, of this reaction. 

14. Determine the equilibrium constant of the reaction I, = 2] 
and the degree of dissociation at 973 K if m kg of iodine are placed in 
a volume of 10-* m* where the equilibrium pressure is as follows: 


mx 108, ke 0.48385 0.944 1.515 1.900 
Px 10, Pa 0.0632 0.3021 0.4963 0.6209 


10. A bottle having a capacity of 3.4 x 107% m® and containing 
Oo X 10-° kg of phosgene is heated to 673 K, at which point the 
pressure in the bottle becomes equal to 10.133 x 10% Pa. Calculate 
the degree of dissociation of phosgene in the reaction COC], = CO + 
Cl, and the equilibrium constants Kp and K, under these condi- 
tions. 

16. Calculate the degree of dissociation of phosgene at 673 K if 
2.0 X 10-° kg of this substance is placed in a bottle having a capaci- 
ty of 3.4 xk 103 m’ and 1 x 10-3 kg of chlorine is added to it. What 
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will the pressure in the bottle be? The equilibrium constant is 
Kp — 4 99 x 10~-? (atm). 

17. Calculate the gas pressure after dissociation of phosgene at 
673 K if 2.5 x 10~* kg of this substance is placed in a bottle having 
a capacity of 3.4 x 10-9 mand 1 x 10°? kg of nitrogen is added to 
it. The equilibrium constant is Kp = 4.99 x 10-* (atm). 

18. Determine the degree of dissociation of carbon dioxide in the 
reaction 2CO, = 2CO + O, at 2273 K and 10.133 x 10% Pa if the 
equilibrium constant under these conditions is Kp = 24.93 Pa. 

19. Iron and water vapour react as follows: 


Fe-+-H,O = FeO +H, 


At 1000 K and 1.0133 x 410° Pa, the partial pressure of hydrogen 
is Py, = 6.526 x 104 Pa. Calculate the equilibrium constant. 

20. Determine the standard affinity for the reaction C,H, + 
H, = C,H, if, at 873 K, Kp = 2.86 xk 1074 (Pa~*). 

21. At 633 K and 10.133 x 104 Pa, the degree of dissociation of 
HI is 20%. Calculate the standard affinity of gaseous iodine for 
hydrogen. 

22. Will PCI, dissociate in a gas mixture containing PCl,, PCl,, 
and Cl, at 298 K at the following partial pressures (Pa): Ppc), = 
1.0133 x 104, Ppe, = 0.9066 x 104, Po), = 2.0266 x 104? 
Calculate the equilibrium constants with reference to AG} ogg. 

23. Calculate the affinity of iron for atmospheric oxygen, Po, = 
2.0266 «x 10* Pa at 1000 K, if the equilibrium constant of the 
reaction 2Fe + O, = 2FeO at this temperature is 2.450 x 10?°, 

24. Gaseous CQ, Cl,, and COCI, are in 10 m® tanks, their pres- 
sures being 2 x 104, 3 x 104, and 0.5 x 104 Pa, respectively. 10-5 
mole CO and Cl, each have been transferred into a tank of the same 
capacity, containing an equilibrium mixture of the same gases, 
and 10-° mole COC], has been withdrawn from this tank. All pro- 
cesses have been conducted in an ideally reversible manner at 700K. 
The equilibrium constant of the reaction at this temperature is 
10.826. Determine the change in Gibbs’ energy during the reaction 
CO + Cl, = COCc},. 

29. Determine the change in Gibbs’ energy during the reaction 
CO + Cl, = COCI, if no phosgene is withdrawn from the tank with 
the equilibrium mixture. The total pressure of the latter is 10° Pa. 

26. The equilibrium constant of the reaction 2H = H, can be 
written as 


log K p (Pa) ==" _ 4.504 log 7 — 0.767 


Determine the heat of the reaction at 800 K and derive the equa- 
tion AH = f (T). 
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27. The equilibrium constant of the reaction 2H, + O, = 2H,0 
can be expressed as 


log Ky= > — 1.335 log T +-9.65 x 10-7 — 4.37 x 10-77? + 1.08 


while that of the reaction H, + Cl, = 2HCl can be written as 


log K,.= = — 0.44 log T + 2.16 


salculate K, for the reaction 4HCl + O, = 2H,O + 2Cl, at 700 
and 800 K, as well as AU at 800 K. 

28. At 369 K, the pressure of dissociation (Pny,) of the compound 
LiCl. NH, is 4.893 x 104 Pa, and at 382.2 K this pressure is 8.613 x 
104 Pa. Calculate the heat of the reaction LiCl-NH, = LiCl + 
NH, at a constant pressure and temperatures ranging from 369 
to 382.2 K. 

29. The vapour pressure over the system CuSO, -5H,0-CuSO,-3H,O 
at 303.2 K is 1.453 xk 10° Pa, and at 299.3 K this pressure is 1.076 xX 
10° Pa. Calculate the heat of the reaction 


CuSO, -3H,0+ 2H,0 = CuSO,-5H,0 


30. Depending on temperature, the heat of the reaction 2C + 
H, = C,H, varies almost linearly, equalling 225.2 x 10° J/mole 
at 700 K. The temperature coefficient of the heat of this reaction is 
—6.573 J mole~' K-!. Determine the equilibrium constant of the 
reaction at 1500 K if Kp, = 1.353 x 10°. 

31. The degree of dissociation of PCl, at 473 K and 1.0133 x 
10° Pa is 0.485, and at 523 K and the same pressure it is 0.800. 
Calculate the mean heat of the reaction PCI, + Ci, = PCI, at 
P = const and temperatures ranging from 473 K to 523 K. 

32. The pressure of dissociation of MgCO, at 813 K is 9.959 x 
10* Pa, and at 843 K it is 17.865 x 104 Pa. Calculate the heat of 
the reaction MgCO, = MgO + CO,. Determine the temperature at 
bans the MgCOQ, dissociation pressure will become equal to 1.0133 x 
10° Pa. 

33. The equilibrium constant of the reaction H, + I, = 2HI is 
61.6 at 633 K and 41.7 at 718 K. Compare the mean heat of the 
reaction and affinity at 718 K. Calculate the change in entropy. 

34*. Derive an equation of the log Kp = f (T) type for the ammo- 
nia oxidation reaction 


4NH, + 50,=2NO+6H,0 


if Kp = 44.351 at 1000 K. Calculate the equilibrium constant of 
the reaction at 1400 K. 

35. Determine the temperature at which the pressure of CO, over 
CaCO, will bei x 10° Pa if, at 1035 K, the pressure is 13 332 Pa. 


Ch. 17 Chemical Equilibrium 305 


The heat of the reaction CaCO, = CaO + CO, at 1035 K is 167.91 x 
10? J/mole. Assume that within a narrow temperature range the 
heat of the reaction is independent of temperature. 

36*. Write the equation for the temperature dependence of the 
equilibrium constant Kp of, the reaction CaCOgeajeytey = CaO + 
CO,. Determine the pressure of CO, over GaCQ, at 1200 K if, at 
1035 K, this pressure is 13 332 Pa. To determine the temperature 
dependence of the reaction heat use the data given in the handbook. 

37. Proceeding from the data given in the handbook, calculate 
the equilibrium constant of the reaction H, + Cl, = 2HCl at 
standard pressure and 298 K. Calculate the change in Gibbs’ energy 
for this reaction at 298 K if the initial pressures are as follows (Pa): 
H, 2.026 x 10°, Cl, 1.0143 x 10°, and HCl 0.103 x 10°. Remem- 
ber that the process is ideally reversible. 

38. The equilibrium constants of the reaction I, = 2I at several 
temperatures are as follows: 


T, K 950 1050 1150 1250 
Kp X 108 1484 7.346 33.833 127.122 


Plot the log Kp = f (T~') curve and determine the heat of the 
reaction in the above temperature range, using this curve. Derive an 
equation of the log Kp = f (T~) type for the temperature range of 
950 to 1250 K. 

39. Determine the equilibrium constant of the reaction 2C,H,CH, = 
m-C,H,(CH,), + CgH, and the composition of the equilibrium 
mixture in molar fractions at 298 K and 1.0133 x 10° Pa. Use the 
necessary data from the handbook. 

40. Use the Temkin-Shvartsman method to calculate AG’, Kp, 
and molar fractions of the equilibrium mixture for the reaction 
2C, .H,CH, = m-C,H,(CH;), + CgH, in the gas phase at 800 K 
and 1.0133 x 10° Pa. 

41. Determine the equilibrium constant of the reaction A + 2B = 
AB, if the extinction coefficients of substances A and B are zero 
at a certain wavelength. The optical densities of the equilibrium 
mixtures at this wavelength are as follows: 


cp, mole/litre 0.1 0.2 0.3 0.4 0.6 0.8 4.2 2.0 
D 0.165 0.385 0.533 0.608 0.682 0.712 0.750 0.750 


The concentration of substance A in all cases is 0.01 mole/litre. The 
cell is 5 x 10-* m long. 

42. Determine the equilibrium constant of the reaction A + 
3B = AB, if the extinction coefficients of substances A and B are 
zero at acertain wavelength. The intensity of the light passing through 
the cell with thesolvent (a) and that of the light passing through 
the cell with the solution (6) at this wavelength are as follows for 
the equilibrium mixtures: 


20—0878 
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cn, mole/litre 0.1 0.2 0.3 O4 O6 0.77 4.2 2.0 
2.3 24.3 24.3 24.3 24.8 24.3 24.3 24.3 
2.50 2.23 248 243 2.43 


a 


b 14.4 0.36 3.15 


The concentration of substance A in all cases is 0.01 mole/litre, 
the ce]] being 1 cm long. 

43. A certain amount of SO, was heated in a closed vessel to 
727 K. Thermal dissociation has resulted in SO, and O,. Calcu- 
late (1) the initial pressure of SOQ, and (2) the total pressure of the 
equilibrium mixture if Kp of the reaction SO; = SO, + 0.50, is 
0.539. The equilibrium pressure of SO, is 4.05 x 10* Pa. 

44. Calculate the constant of dissociation of BaO in the reaction 
BaQig) = Bay + 0.50, at 4000 K if the equilibrium constants 
of the reactions are as follows: 


BaQjg)=Bagy+O  K,=0.0156 
O, = 20 K, = 2.1842: 


45. Calculate the equilibrium constant of the reaction S + O, = 
SO, at 4000 K if the equilibrium constants Ap of the following 
reactions are as follows: SO, =S + 20 ([), A; = 0.63; O, = 
2Q (II), Ary = 2.184. i 

46. The following equation has been derived for the reaction 
CeH;C, Hs cg) + 3H, = CgHyC.Hag) at temperatures ranging from 
485 to 965 K: 

log K p (Pa) = — — 33.058 


Calculate the temperature at which this reaction will become possible 
if the initial gas mixture contains 10 moles of ethyl benzene, 50 
moles of hydrogen, and 40 moles of ethyl cyclohexane. The total 
pressure of the initial gas mixture is 1.0133 x 10° Pa. 

47*. Calculate the equilibrium constant of the reaction 0.5H, + 
0.5C]l, = HCl at 900 K and 1.0133 x 10° Pa proceeding from the 
following rotational moments of inertia and vibrational frequencies: 


Substance HCl Cl, H, 
I xX 1047, kgm?) 2.612 116.3 0.459 
wo, X 10-5, m= ss 2.9894 0.5649 4 3966 


The heat of the reaction in the ideal gaseous state at absolute zero 
is —92.140 x 10° J/mole. 

48*,. Calculate the equilibrium constant Ap of the reaction of 
thermal dissociation of iodine, I, = 2I, at 1274 K and 1.0133 x 
10° Pa if AH? = 148.766 x 10° J/mole, the vibrational frequen- 
cy of the I, molecule is wo, = 214.25 x 10? m“, and the moment 
of inertia is 750.1 x 10-** kg m*. The statistical weight of the zeroth 
electronic level of the iodine atom is 4, and that of the zeroth elec- 
tronic leve] of the I, molecule is unity. 
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49*, Calculate the equilibrium constant Kp of the reaction NO = 
0.5N, + 0.50, at 1000 K and 1.0133 x 10° Pa if the rotational 
moments of inertia of the molecules, vibrational frequencies, and 
statistical weights of the zeroth electronic levels are as follows: 


Substance NO No QO, 

I x 1047, kg m2 16.43 14.01 19 .34 
o, X 10-5, m7! 1.9165 2.3594 {1.5798 
f0,e] 4 1 3 


The heat of the reaction which proceeds in the ideal gaseous state at 
absolute zero is —90.761 x 10° J/mole. 

50*. Calculate the equilibrium constant Kp of the reaction H, ++ 
0.55, = H,S at 1000 K and 1.0133 x 10° Pa if the moments of 
inertia of the molecules, vibrational frequencies, and statistical 
weights of the zeroth electronic levels are as follows: 


Substance H,s H, S» 

I xX 1047, kg m? 2.6674 3.1543 Q.7187 0.459 94 .88 
o, X 10-5, m7 2.7219 2.7394 1.2145 4.3966 0.7257 
&o,e1 1 t 3 


The H,S molecule is nonlinear with symmetry C,,, o = 2. For 
H,S, AH} = —82.061 kJ/mole. 

51*. Determine the equilibrium constant of the reaction CO + 
H,O = H, + CO, at 1000 K and 1.0133 x 10° Pa if the moments 
of inertia of the molecules, vibrational frequencies, and heats of 
their formation in the ideal gaseous state at absolute zero are as 
follows: 


Substance Ix1047, kg m2 a,x 10-5, ml | Aq, kJ/mole 
CO, 67 .8336 1.3512 
2.3964 —393 .229 
0.6722 
H, | 0.459 | 4.3966 | 0 
H,O 1.0296 3.8354 
1.9674 3.9387 —238 .906 
2.9970 1.6476 
CO | 14.49 | 2.1700 | —~113.880 


RR gE ET IO I TT IR a TERED 
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The CO, molecule vibrates in a double degenerate manner at a fre- 
quency of 0.6722 x 10° m“!. 

52. Determine Kp of the reaction H, + I, = 2HI at 1000 K, if 
the statistical sums of states are Zy, = 3.5539 x 10’, Zi, = 
3.2346 « 10'4, Zyy = 3.6320 x 10", and AAG = —8.292 kJ. 

o3o*. A reactor operating at a constant pressure contains 1 mole 
CH.Cl, and 1 mole Cl,. The following reactions take place at 600 K: 


CH,C]+-H, ~ CH,-+ HCl (2) 
The equilibrium constants of the reactions at 600 K are Kp, = 


1.156 x 108 and Kp, = 8.8716 x 10%. Determine the composition 
of the equilibrium mixture. 


Multivariant Problems 


1. Gaseous substances A and B react to yield gaseous product C: 
(1) express Kp and &K, in terms of an equilibrium amount of sub- 


Variant Reaction equation 


Variant Reaction equation | 


{ A+B=— 13 3+ B=3C 
2 = ALB=C 14 3A+— B= 2C 
3 | 3A+B=2C to 
4 | 24+3B=3C | era Bee 
{ { \ 
, 17 | A+3B=:3C 
S| 3A+z BHC 18 | 3A4+B=C 
7 | AtoB=c 19 | A+2B=2C 
8 | A+B=3C 20 | A+2B=3C 
1 _ 21 A+B=2C 
9 | -y ATB=20 922 | 2A44+2B=C 
j 7 933 | 2A+2B=3C 
10 | AtTB=3C 24 | 3A+3B=2C 
{ { 
rr 2A-+— B=3C % | = A+B=—C 


42 2A+3B=2C 
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stance C, equal to z, if the initial substances A and B are taken in 
stoichiometric amounts at total pressure P of the equilibrium system 
and temperature 7, K; (2) calculate Kp and K, at 300 K if P = 
7.5 <x 104 Pa and xz = 0.45; (3) calculate the equilibrium amount 
of substance C at 3 x 104 Pa in the equilibrium system and at 300 K; 
(4) calculate the degree of transformation of substances A and B 
at 300 K. 

2. A heterogeneous reaction proceeds at constant temperature 7: 
(1) determine the standard affinity of substances A and B at 298 K; 


- fC +h 4e tS 
s Reaction he x e x S 
> ~ | €i | fe | fe | x 
1 | C+2H,—CH, 600 600 | 186] 100] 8 
2 | C+2H,—CH, 700 700 | 84] 50] 10 
3 | C+2H,=—CH, 800 700 | 37} 25] 8 
4 | C+2H,—CH, 500 600 | 250} 200} 5 
5 2C + 2H,= CH, 1000 | 68 400 480 | 300 7 
6 | 20+2H,=C.H, 9000 | 68400 | 2050 | 1000 | 44 
7 2C+ 2H,= CoH, 1800 | 68400 | 1290} 800 9 
gs | 2cC-+0,=2CO 773 10 | 705} soo] 2 
9 | 2¢0+0,=2C0 873 100 | 572] 500| 4 
10 | 20+0,—2CO 973 300 | 293] 300| 6 
11 2CuCl + H,= 2HC! -+ 2Cu 673 000 361 200 4 
12 2CuCl -- H, = 2HCl] + 2Cu 773 500 215 400 6 
13 Sn -+ 2H,O = 2H,.+ Sn0, 1073 90 690 | 800 3 
14 Sn0Q,.-+ 2H.= 2H,0O+ Sn 1073 200 192 200 8 
15 SnO,+ 2H,= 2H,O+ Sn 973 400 167 200 6 
16 §n0,-+ 2C0 = 2C0,-+- Sn 1173 700 980 100 2 
17 SnS+ H,=— H.S+ Sn 783 10 745 900 D 
18 SnS + H,= H,S+ Sn 1196 00 670 } 700 7 
19 | PbS+H,—H,S-+Pb 783 5 | 7551 900| 8 
290 | PbS--H,—H,S-+ Pb 973 10 | 745| gs00} 3 
21 PbS + H,= H,S-+ Pb 1273 50 654 700 o 
22 | PbS+CO=COS-+ Pb 1081 21 758] 8s00| 7 
23 PbS + CO= COS +- Pb 1370 10 747 800 9 
24 PbCl].+ Hz, = 2HC]+ Pb 873 200 284 400 41 
25 PbCl].-++ He = 2HC1 + Pb {073 300 350 |; 500 2 


(2) calculate the equilibrium constants Kp and K, of the reaction; 
(3) determine the amount of the reacted solid substance A if the 
volume of the system is V, m®, and the initial pressure of gas B is P,, 
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the volume of the solid phase being ignored; (4) determine the change 
in Gibbs’ energy relative to the onset of the reaction if the initial 
pressures of gaseous substances B and C are P, and P3, respectively, 
the reaction proceeding in an ideally reversible manner at tempera- 
ture 7, K. 

3. g kg of substance A have been placed in a closed vessel having 
capacity V, m®. At temperature 7, K, part of the water of crystalli- 
zation has passed into the gas phase, and pressure P, Pa, has been 


von " &, kg Substance A V, m3 T, K P, Pa 
4 | 0.047 LiBr-2H,0 6 130 133.3 
2 0.659 Lil -H,O 7 403 866.9 
3 | 0.068 Na,HPO, -12H,0 5 273 354.6 
4 | 0.258 Na,HPO, -12H,0 6 288 4190.4 
5 | 0.057 NaCOOCH,-3H.0 3 298 851.8 
6 | 0.128 Na,CO, -10H,O 7 273 358.6 
7 0.019 NaCOOCH, -3H,O 6 273 120.0 
8 | 0.890 Na,C0,-10H,O 8 298 2399.4 
9 | 0.500 Na,CO,-10H,O 9 288 1164.0 
10 | 0.210 NaCOOCH, -3H,0 4 313 2492.7 
11 0.612 Na,HPO,-12H,0 7 298 2938 .0 
12 0.035 Na,SO,-10H,O 8 213 373.2 
i3 0.254 Na,SQ,-10H,O 9 293 1767 .6 
44 |. 0.018 Na,S0,°7H,0 4 297 2439.4 
15 | 0.856 MgCl, -6H,0 10 343 1999.5 
16 | 0.084 FeSO,-7H.O 4 298 1940.8 
17 | 3.010 CoSO,-7H,0 10 298 2240.4 
18 0.622 CoCl,-6H,O 8 313 2826 .0 
19 | 1.495 NiC],-6H,O 9 309 2999 .3 
20 0.416 CuSO,-5H,0 3 298 1037 .1 
21 | 4.174 ZnSO,-7H,0 8 303 2852.6 
22 0.183 SrCl, -6H,0 D 298 1135.7 
23 | 0.208 BaCl,:2H,0 4 288 377.2 
24 0.257 BaCl,-2H,O0 3 298 733 .2 
29 1.190 BaCl,:-2H,O 5) 313 2103.5 


established in the vessel: (1) determine the amount of the water 
that has remained bound to substance A; (2) calculate the absolute 
amount of the solid phase in the equilibrium state of the system; 


(3) calculate Kp, K,, AA, and AGy of the reaction at tempera- 
ture 7, K. 


Vari- 
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ant Reaction (A) K T, K 
p 
1 | 2H,+CO= CH,OH Kp=—s 800 
PHePco 
pt 2 
2 | 4HCI+ 0, = 2H,0-+ 2Cl, Kea ees 750 
PHC1PO0e 
4 3 
4 | 2Ns+6H,O = 4NH, +30, eek. 300 
PNoPH.O 
, PNH,PO 
PNOP HO 
PRoP 
PNOs 
pe 
7 | N,0,= 2NO, | nel 400 
PNoOq 
9 | CaCO, — Ca0+ CO, Kp= Poo, 1000 
10 | Ca(OH), = Ca0+H,O K p= Py,0 500 
Pao, Pi 
141 | S,+4H,0 = 2S0,+ 4H, a — 1000 
Ps. PHeO 
{2 | S,+4CO, = 280,+ 4CO Kp= a 900 
PgoPCOe 
2 
13 | 2S0,+-0, = 280, Kp=—-2% 700 
PS02P0¢ 
14 | SO,4+Cl, = S0.Cl, K p= —_S02Cla_ 400 
PS802P Cle 
15 | CO+3H, = CH,-+H,0 Kya -CHsPH20_ 1000 
PCOP i, 
4 
16 | 4C0-+ 280, = S.+ 4C0, Bees Psa? COs 900 
PCoPS0¢ 
17 | COCl,==CO+CI, K p= OOP Cle 400 
PCOC!Is 
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(Table concluded) 


ant Reaction (A) K T, K 
COP 
-18 | CO.+H, = CO+H,0 Kp =_ 0? m20 1200 
PcooPHs 
Pou Pt 
19 | CO,+ 4H, = CH,+ 2H,0 K p= —— 4 ee 1000 
PCOeP He 
CO}?[OQo] a 
O, == 2C0+0 — {COVTOr) 00 
20 | 2C0,= 2C0+0, K. CO.18 
21 | 2CO-+ 2H, = CH,+ C0, ice a 900 
PcoPR, 
22 | CoH, = CoH.+H; K, —{CoHallHe] 400 
[C,H] 
23 | C,H,OH = C,H,+H,0 K p= 1 Sata? H20 | 400 
Pc.H;0H 
24 | CH,CHO-+H, = C,H,OH K p= —_CaHsOH_ 500 
PCH,CHOPHe 
25 | C.He-+3H. = C.Hie Kp= Coie 600 
PogHe PHe 


4. The temperature dependence of the equilibrium constant of 
reaction (A) is given by the equation 


logKp=—-+blogT+ef +d 


The values of the coefficients a, b, c, and d are given in the table 
on p. 313, and pressure is expressed in pascals: (1) determine the 
equilibrium constant of reaction (A) at 7, K; (2) plot log K = 
{(7-") at temperatures ranging from (7 — 100) to (7 + 100), K; (3) 
indicate how the equilibrium constant varies with increasing tem- 
perature; (4) determine the heat of reaction (A), AH7, at 7, K; (5) 
compare the heat calculated as in (4) with that calculated using 
Kirchhoff’s law at temperature 7, K; (6) determine the standard 
affintiy of the reactants at temperature 7, K (see the table on pp. 
314-312). 
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Cw On wmonrk Ww Ww - 


jum fl 
KD = 


13 


—9.1298 


—2.136 
1.83 
—1.75 
—1.75 
1.75 
1.75 
0.623 
—1.385 
0.67 
—Q.877 
4.34 
1.222 
—1.75 
—7.14 
—4.34 
1.79 
Q 
—6.23 
1.79 
3.113 
2.961 
7.94 
0.42 


—9.9194 


0.00308 
—(Q .Q00857 
—Q.00324 

0 

0 
—0.0005 
—0.00483 
—(.00102 
—(0 .000219 

0.000414 

0.00267 
—0.00162 

0 

0.000455 

0.00188 

0 .0000002 

0 
—) 0000516 

0.000906 
—0.001215 
—().0028524 
—0.000766 
—0.00429 
—0.00229 

0.002285 


2. Proceeding from the values tabulated in the handbook, deter- 
mine the following for a given reaction: (1) the standard affinity 
at temperature 7, K; (2) the equilibrium yield of substance D at 
a total pressure of 1.0133 = 10° Pa and 7, K if gaseous substances A 
and B have been injected into the reaction vessel in stoichiometric. 
amounts; (3) the change in Gibbs’ energy for the onset of the reaction 
if the initial partial pressures of the gases in the reaction mixture 
are Py, Pp, Pc, and Pp and the reaction proceeds in an ideally 
reversible manner at temperature 7, K. 
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6. Proceeding from the values of (=—** ) and AH, given in 


the handbook, determine the equilibrium constant Kp of the reac- 
tion at temperature 7, 


Variant Reaction T, K 
1 H,-+ F,= 2HF 600 
2 H,+ Cl, = 2HCl 800 
3 H,-+ Bro= 2HBr 800 
4 H,-+1,.= 2HI 1000 

{ 

5 H, > O,=— H,0 1500 

6 | CO+-~ 0,=CO, 1000 

7 CO+ Cl, = COCcl, 800 

8 Co oraph ite) + S.= CS, 1000 
10 | NO »= NO+—- O, 800 
11 N,-+ 3H,.= 2NH, 1200 
13 | SO; +5 0;=S0,_ 1000 
15 PCI, +Cl,—= PCI, 1000 
17 CaH. + H, = CoH, 300 
18 C,H, + H, — C,H, 800 
19 C,H,= C,H,-+ Hz 1500 
20 C,H, + H.=C,Hiy 1000 
21 C,H, + 3H, = Ce. 500 
22 CO-+ 2H, = CH,OH 800 
23 HCHO -+ H, = CH,OH 500 
24 | CHCI,+Cl,—CCl,+HCl 1000 
25 | CH,Cl+2Cl,=CHCI,+2HCI 800 


7. Using Le Chatelier’s principle and Eqs. (17.3) and (17.30), 
determine how the equilibrium yield of the end products of the 
reaction will change if (a) the temperature is increased, (b) the tem- 
perature is decreased, (c) the pressure is increased, (d) the pressure: 
is decreased, and (e) an inert gas is added. 
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Reaction Reaction 


Vari- 
ant 


1 | No4+3H.=2NH, 14 | 280,-+ 0.= 280; 
2 | C+0,=—CO0O, 15 | C,.H,+H,0= C,H,OH (iq) 
3 | 2C0,—2C0+0, 16 | CoH,=CoH,+H, 
4 | C+2H,—CH, 17 | 2H,+CO= CH;,0H (iq) 
5 | 4Hg+ 2802 = 4H20(11q) + Sats) 18 | C;H;0H (ig) = CaHy + H2O(g) 
6 | 2c-+2H,—CH, 19 | 2HC1+ 0,=2H20ig)-+ 2Cle 
7 | COCl,=CO+Cl, 20 | 2CO-+ 2H,= CH,-+ CO, 
g | 2HI=H.+I1, 21 |2NO+0,=2NO, 
9 | 2C0+0,= 2C0, 22 |C,H,+H,= C,H, 
10 | 2H,0(01q) = 2H +02 23 | 2H,0¢)-+ 2Cl,= 4HCl +0, 
11. | CO+Cl,=CcOCcl, 24 |NH,Cl(s) = NH,-+- HCl 
12 | N.O,==2NO, 25 | CH,CHOcg) + He = C2H,OH 


13 | 2NO,=2NO+0, 


8. Calculate the equilibrium constant Kp of the reaction at a 
given temperature 7. Use the Temkin-Shvartsman method for the 
calculation. 


Variant Reaction T, K 
{ 2C,H,OH = CH,COCH, + 3H, -+ CO 400 
2 CH,-+ 2PCI1; = 2PCl, + CH,Cl, + 2HCI 500 
3 CH,-+ CO, = CH,COOH 400 
4 2H,+ CO, = HCHO+ H.0 500 
3) CO.-+ H.= HCOOH 400 
6 CO + HO = HCOOH 400 
a CO.-+ 3H, = CH,OH-+ H,0 500 
8 C,H, -+ CO = CH,COCH, 400 
g C,H, + H,0 = CH,CH,OH 400 
10 CH,-+4PCl, = CCl, + 4PCl, + 4HCI 400 
14 SO, + Cl,=S0,Cl, 900 
12 CO-+ Cl, = COCI, 600 
13 SiO, + 4HF = SiF,+ 2H.0 900 
14 C.H,= C,H,-- Hp 800 
45 C,H, = C,H, -+ He 700 
16 CO,-+ 4H, = CH, -+- 2H.0 500 
17 CH,+ CO, = 2C0-+- 2H, 700 
18 C,H,+ 3H, = C,Hie 400 
19 250,++ 0.= 280, 500 
20 CO-+ 2H, = CH,0H 600 


24 Ca(OH), = CaO + HO 800 
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(Table concluded) 


Variant Reaction T,K 
22 CaCO, = CaO+ CO, 900 
24 Mg(OH),.= MgO-+- H.O 500 
25 S + 2C0,=$0,-+ 2C0 700 


9. Determine the equilibrium partial pressures of all reactants 
and reaction products as well as the initial pressure of substance A if 
the equilibrium constant of its thermal dissociation at temperature 
T, K is known along with the total equilibrium pressure P of the 


mixture. The reaction proceeds in a closed vessel at tempera- 


ture 7, K. 
g Substance Reaction Kp — T, K 
> 
1; H,O H,0= 2H+ 0 2.096 x 101° 1.0133 |; 4000 
2{ H,0 H,0=2H+0 0.991 x 101° 2.0266 | 3900 
3 | H,0 H,O = 2H-+-0O 4.271 X 101° 3.0399 ; 4100 
4{ SOs S0,;=5+30 0.257 x 1015 4.0532 | 3300 
5 | SQs S0;=S+ 30 4.200 x 10° 92-0665 | 3400 
6 | SO, 503;=5+30 5.119 x 1075 6.0800 { 3000 
7} FNO FNO=F+N-+0 0.720 x 107° 7.0931 3900 
8 | FNO FNO=F-+N-+0 1.715 x 101° 8.1064 | 3600 
9; FNO FNO=F-+N-+0 8.266 x 101° 9.1197 | 3800 
10 | SOF, SOF,=S8-+ 0-- 2F 4.031 x 10*5 | 10.1330 | 3900 
11 / SOF, SOF,=S+0-+2F 13.632 «1015 | 1.0133] 3700 
12 | SOF, SOF, = 5+ 0-+- 2F 3.82 x 1048 2.0266 | 3600 
13 | SOF, SOF,=S8+0-+-2F 0.478 x 1015 3.0399 | 4200 
14] SOF, SOF, =5-++0-+2F 4.239 X 1045 4.0532 | 4400 
15 | SOF, SOF, = S8-++ O-+- 2F 11.726 x 1015 9.0665 | 4900 
16} C,H. C.H, = 2C(g) + 2H 0.477 x 10!5 | 6.0798 | 4300 
17 | CoH, CoH, = 2C(g) ++ 2H 3.808 x 1015 7.0931 4500 
18 | C,H CoH, = 2C(g) ++ 2H 25.596 x 1015 | 8.1064] 4700 
19} SiF, SiF, = Sig) +-4F 2.699 x 102° | 9.1197 | 4400 
20 | SiF, SiF, = Si¢g)-+4F 41.284 x 102° | 10.1330 | 4500 
21} SiF, SIF, = Sig) +4F 44.281 X 102° 1.0133 ; 4600 
22 | Bio, B,0, = 2B +- 30 0.542 1020 | 2.0266 | 4900 
23 | B,O; B,0,= 2B-+ 30 2.066 x 102° 3.0399 | 9000 
24 | B,0, B,03; = 2B-++ 30 7.486 x 102° 4.0532 | 5100 
20 | BOs B,0, = 2B-+ 30 25.830 x 102° 59-0665 | 9200 
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CHAPTER 18 
Electrolytic Conductance. 
Equilibrium in Electrolyte Solutions 
Basic Equations and Symbols 


Conductance is the reciprocal of resistance (1/R). Electrical conduc- 
tivity is essentially the reciprocal of resistivity 9: 


1 1 1 
aan x (18.2) 


where / is the length of the conductor, S is its cross section, and x 
is conductivity. 
The equivalent conductance A is expressed in terms of conductivity 


KL= Ht) =e (18.3) 


where V is dilution of the solution, and c is its concentration in 
g-equiv/litre. Dilution is basically the volume containing one gram- 
equivalent of the dissolved electrolyte. 

Kohlrausch’s equation (law of independent migration of ions) is 


on oe (18.4) 


where A, is the equivalent conductance at infinite dilution, A and A- 
stand for the electrical conductivities (mobilities) of the cation and 
anion, respectively; 


AN4 = Foi, A = Fr° (18.5) 
where v, and v® stand for the absolute velocities of the ions, 


cm* s“! V-!, and F is Faraday’s constant. 
The velocities v+ and v— of the ions depend on the field potential: 


vy = vp/l, v- = v%dp/l (18.6) 


where 1/1 is the field intensity. 

The absolute velocities of the ions differ. The fraction of the 
amount of electricity transferred by the fields of a given sign 
equals the transference number ¢t, or ft-: 


t,.+t=1 
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The transference number of an ion is expressed as a change in the 
electrolyte concentration in the cathode (Ac,) or anode (A,.) space: 


Ace = Nea 
i he t_= Ae (18. 7a) 


where Ac is the total decrease in the electrolyte concentration. 
K ohlrausch’s equation represents the relationship between conduc- 
tance and concentration: 


h=h—-AVe (18.8) 
A being a constant. 


In the case of dissociation of a binary weak 1,1-valent electrolyte 
(AB = A+ + B>), the equilibrium constant is 


_ _[A*} [B7] 
K,=-4b (48.9) 
If the degree of dissociation is 
ee | Iara ce MO (18.10) 


Cc c Xo 
then the dissociation constant is 
K, = ac/(1 — a). (18.11) 
For K, < 10°° or a < 1 it may be assumed that K, = ae. 
Substitution of a into Eq. (18.11) from Eq. (18.10) gives 
2c 
The temperature dependence of the dissociation constant is given 
by the equation 
dink _ A ais 
aT — == Rr (18.13) 


whose integration results in the following relation: 


Kr, 2.3R 


kK AH { 4 
Zs a eae (18.14) 
where AZ g;,, is the heat of dissociation. The work W of dissociation 


is determined from van’t Hoff’s isotherm equation: 
W = — AG° = RT ln K, (18.15) 


in which AG® is the change in Gibbs’ energy during dissociation. 

In the case of strong electrolytes, activities should be substituted 
for concentrations in the thermodynamic equations. The activities 
of electrolytes are expressed in terms of molality and mean ionic 
activity coefficients (Table 4). 
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TABLE 4. Relationship Between Molality m, Mean Ionie Molality m., 
Activity a, and Mean Jonic Activity Coefficient y for 
Different Electrolytes 


Electrolyte Mean ionic 
Type of elec- tivity, activity, | 
trolyte valence Puerta = (m7 4)” ay= y a 
{-1, 2-2, 3-3 KCl, ZnSO,, LaFe(CN), mye mY 
2-1, 1-2 CaClz, Na,SO, 4msy3_ Vv 4mys 
3-4, 4-3 AICl,, K3¥e(CN), 27mAys, AS Dimy + 
3-2 Al2(SO,)s 108m5y5_ */ 108 my +. 


The mean ionic molality m, is related to the molality of the 
electrolyte as 
ms =m (vy+yv-)'/% (18.16) 


where v+ and v— stand for the number of cations and anions, respec- 
tively, and v is the total number of ions: v = vi + v-. 

The mean ionic activity coefficient ys is expressed in terms of 
ionic activity coefficients: 


ve = (pyeyy)'” (18.47) 
The mean ionic activity is 
A. = MsVa (18.18) 


The total activity of an electrolyte is related to the mean ionic 
activity as follows: 


a= (a,)" =a’+av™ (18.19) 
where a+ and a— stand for the activities of the respective ions: 
d+ = P4+mi, a = y-m-— (18.20) 
The ionic molalities are related to that of the electrolyte as 
Mm. = MvVi, mM- = my- (18.21) 


The limiting Debye-Huckel equation relating the mean ionic activi- 
ty coefficient to the ionic strength J of the solution takes the form 


log yz = —0.5092.2, WI (18.22) 


where z+ and z- are the charges of the cation and anion, respec- 
tively; 


T= 3 >) mz! (18.23) 


21-0878 
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where m,; is the molality of the ith ion in the solution, and z; is the 


charge of the ith ion. 
For a 1-1-valent electrolyte, Eq. (18.22) takes the form 


log y+ = —509 Ym (18.24) 


Equation (18.22) is applicable when J — 0.001. If the ionic strength 
of a solution does not exceed 0.1, the activity coefficients of indivi- 
dual like-charged ions are approximately equal (Table 9). 


TABLE 5. Activity Coefficients of Ions 


Activity coefficients at ionic Strength J of solution 


Ions 


0.001 0.005 | 0.04 0.02 | 0.05 | 0.10 

| 
Singly charged 0.98 0.95 ().92 0.89 0.85 0.80 
Doubly charged 0.77 0.65 0.58 0.50 0.40 0.30 
Triply charged 0.73 0.55 0.47 0.37 0.28 0.21 


The activities of substances dissolved in anhydrous solvents 
(amalgams, melts) are calculated using the following equations: 


concll (18.25) 
Pi (P,, P¥<1 atm) (18.26) 


a; = Po 
% 


in which z; is the molar fraction of the ith substance, y; is the ratio- 
nal activity coefficient, P; is the pressure of the saturated ith sub- 
stance over the solution (melt, amalgam), and P? is the saturated 
Vapour pressure over the pure ith substance. 


Exercises 
1. For 0.01 N KCl, the resistivity 9 = 709.22 mho cm. Calculate 
the conductivity x and equivalent conductance Ad. 
Solution. To calculate the conductivity use Eq. (18.2): 


1 = = = 
%= 99 95 = 1-41 X 107? mho cm!=0.141 mho m™! 


According to Eq. (18.3), the equivalent conductance is 


4 _, Oetdt x 40-8 
~~ 0.01 


2. Calculate the equivalent conductance of acetic acid at infinite 
dilution, at 298 K, if the conductivities of HCl, NaCOOCH,, and 
NaC] are 0.0426, 0.0091, and 0.0126 mho g-equiv-! m?, respec- 
tively. 


= 0.0141 mho g-equiv™! m? 
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Solution. Derive a system of equations according to Eq. (18.4): 


No. HCI = Ao, Bt + Ao, c1- = 0.0426 (1) 
Ao, CHaCOONa = Ao, Nat + Ao, cH3coo- = 9.0091 (2) 
ho. Nac] = Xo. Nat+ Ko. cl- = 0.0126 (3) 


According to Eq. (18.4) add up Eqs. (1) and (2) and subtract Eq. (3} 
from the sum: 


Ao, Hci + Ao, CHgCooNa — Ao, Naci = An+ + AcHgcoo- 
= \o,CH,COOH = 0.0426 + 0.0091 — 0.0126 = 0.0391 mho g-equiv ! m? 


3. At 298.2 K, the cation transference number for an infinitely 
dilute solution of NH,ClI is t, = 0.491. Calculate the mobility and 
absolute velocity of anion Cl~; Ao nuyc) = 0.0150 mho g-equiv m2. 

Solution. According to Eq. (18.7), 


A.=A, (4 —t+) = 0.015 (1 — 0.491) = 0.00763 mho g-equiv™ m? 
To calculate the absolute velocity v®, use Eq. (48.5): 


: 0.00763 : os 
ve =—SJe5 x00 9 x 1078 m2 s“! Vr! 

4. During electrolysis of an AgNO, solution, 0.5831 g of silver 
was deposited on the cathode, the AgNO, loss from the cathode space 
being 2.85 x 107% mole. Determine the transference numbers t- 
and ts for AgNQs. 

Solution. The loss of silver from the cathode space (Ac,) and the 
total lossof AgNO, from thesolution (Ac), corresponding to the amount 
of silver deposited on the cathode, must be expressed in the same 
units. Find the number of moles of silver deposited on the cathode: 


Ac = An = = "3 5.4x 10-3 mole 


Substitution of the result into Eq. (18.7a) gives 


2.85 x 1073 
t_ =e x 103 = 0.528, t., = 1—t.=0.472 


9. Calculate the mean ionic molality, total activity of the electro- 
lyte, and the activities of ions SO~ and Cr*+ for 0.1 m Cr,(SO,)z 


at 298 K. 
Solution. Calculate the mean ionic molality using Eq. (18.16): 


ms. == (2? x 3981/5 x 0.14 =0.255 
To calculate the mean ionic activity use Eq. (18.18): 
V+ = 0.0458 (handbook), az =—0.255 x 0.0458 = 0.0177 


21® 
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Use Eq. (18.19) to calculate the total activity a of the electrolyte: 
a = (0.0177)? = 2.17 x 10% 


To calculate the ionic molalities mcrs+ and m,,9- use Eqs. (18.21): 


Mcy3+ = 0.1 X 3= 0.3, Meo3- = 9.4 x 2=0.2 


and calculate the activities of the anion and cation using Eqs. (18.20): 
Qcr3+ = 0.3 x 0.0458 = 0.0137 
Ooo3- = 0.2 x 0.0458 = 0.0092 


6. Determine the ionic strength J of a solution containing 0.001 
mole H,SO, and 0.002 mole MgSO, per 1000 g of water at 298 K. 
Solution. According to Eq. (18.23), 


1 2 2 2 2 
= 5 (My+2) + Myo 2-2" fF Myga+2, + My9-2°) 


To determine the ionic molalities use Eqs. (18.21). Then, the ionic 
strength will be 


I == (2x 0.001 x 1?+4+0.004 x 2% +.0.002 x 2?-+4+.0.002 x 2%) 
—0.011 


7. Calculate the mean ionic activity coefficients y. for 0.01 and 
0.0001 M NaCl solutions and compare the results with the experi- 
mental data (see the handbook). 

Solution. Calculate the mean ionic activity coefficients using 
Eq. (18.24): 

log ys. = —0.509 Y 0.01 = —0.0509, ys. =—0.888 


log yz. = —0.509 Y 0.004 = —0.016, yi=0.963 
m 0.01 0.001 
V2. care 0.888 0.963 
45. ene 0.903 0.965 


The above data indicates that the limiting equation (18.22) pro- 
duces reliable results only at /< 10°%. 
8. Calculate the degree of dissociation of water at 298 K, proceed- 
ing from the conductivity of water, its density, and ionic mobility. 
Solution. Find the conductivity of water and the equivalent 
conductances of ions H+ and OH°™ at infinite dilution in the hand- 
book; 
x = 6.33 x 107° mho cm 
Aw+ == 349.8 mho mole? cm? 


Kon- = 198.3 mho mole! cm? 
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Determine the concentration of water from its density (use the 
handbook): 


d 1000 _ 0.997 _ 55.39 mole/litre 


CHa0 = “yf 48 
To determine the degree of dissociation of water use the equation 
~8 
% 6.33 < 10 = 9.09 ‘ 407° 


9. Calculate the degree of dissociation and pH of 1.6 x 10°* M 
CH,COOH at 298 K. The dissociation constant of CH,COOH is 
K, = 1.75 x 10°. 

Solution. Calculate the degree of dissociation of CH,COOH using 
Eq. (18.11): 


= a71.6 x 10-4 
1.79 ~ 10° = ta) 


Formulate the quadratic equation 


1.60? +- 0.175a — 0.175 = 0 


whose solution gives a = 0.28. To find the hydrogen ion concentra- 
tion use Kq. (18.10): 


[H+] =ca = 1.6 x 1074 x 0.28 = 4.48 x 1078 


consequently, 
pH = —log 4.48 x 10-° = 4.34 


10. The constant of dissociation of ammonium hydroxide at 
298 K is 1.77 x 10-°. Calculate the concentration of ions OH~ and 
H* as well as pH of 0.14 WW NH,OH. 

Solution. To calculate the OH™~ concentration use Eq. (418.9). 
Assume that the concentration of NH,OH is virtually equal to the 
initial one (at K,< 107°). Then, 


[OH-] =[NHt]=ac=Y K.c =V1.77 x 105 x 0.1 
= 1.33 x 10-3 mole/litre 
Determine the hydrogen ions concentration from the ionic product 


of water: 
K,, = ay+dou- = 1.008 x 10-** (handbook) 


Assume that the activities of H+ and OH™~ equal their concen- 
trations: 


4,008 x 10-24 oi | 
Qy+ =Cyt+ = 1.33 < 10-3 = 0.76 x 10 mole/litre 
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Calculate the pH value: 
pH = — logcy+= -- log 7.6 x 10719 = 11.12 


11. Calculate the concentration of ions OH~ in a 0.1 M NH,OH 
solution containing 1 mole/litre NH,Cl. How will the pH of the 
NH,OH solution change when NH,CI is added to it? Salt NH,Cl 
dissociates completely. 

Solution. Calculate the OH~- concentration using Eq. (18.9). 
Assume that the NH,OH concentration is virtually equal to the 
initial one, [NH,OH] = 0.1 mole/litre, and that the concentration 
of the NH* ion equals that of NH,Cl because any,ci = 1. Hence, 
[NH*t] = 1 mole/litre. Find the dissociation constant of NH,OH in 
the handbook. Substitute the numerical values into Eq. (18.9): 

1.77 x 10-8 = EE IX OH") =1.77 x 107° 

As a result of addition of NH,Cl, the OH~- concentration goes 
down and, consequently, the pH of the solution decreased. 

12. It is known that for 0.005 and 0.05 m aqueous solutions of 
sulphuric acid, at 298 K, the pH values are 2.1 and 1.2, respec- 
tively. Calculate the pH value of this solution, proceeding from the 
mean ionic activity coefficients and those of individual ions. 

Compare the results with the experimental values and draw the 
appropriate conclusions. 

Solution. To calculate pH, determine the activity of the hydrogen 
ion. Calculate the ionic strength of the solution using Eq. (18.23:) 


= + (2 x 0.005 x 12+.0.005 x 2%) = 0.015 
Find y, in the handbook. Calculate the activities a, and ayq+ using 


Eqs. (18.18) and (18.20). Tabulate the input data and the calculation 
results: 


i PHeale 
mole/1000 g PH exper La « I VHt 
—log ym, — 10g Y+m+ 
0.005 21 0.639 0.015 | 0.905 2.19 2.04 
0.05 122 0.34 > 0.1 — 1.10 — 


Comparison of the calculated pH values with the experimental ones 
indicates that the calculation gives only approximate values. The 
agreement between the calculated and experimental values is better in 
the case of a more dilute solution. 
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13. Calculate the solubility product for Ca(OH), at 298 K. The 
solubility of calcium hydroxide is 0.155 g/100 g of water. 

Solution. To calculate the activities of ions use Eq. (18.20). The 
molality of the saturated solution is 


0.155 « 10 1.95 
= a a =: 0.0209 mole/1000 g 


Calculate the mean ionic activity coefficients using Eq. (18.22). 
But first find the ionic strength of the solution with the aid of 
Eq. (18.23): 


I=+(0. 0209 «x 2?-+4 2 x 0.0209 « 1) = 6.27 « 10° 


Substitute the result into Eg. (48.22): 
log yz. = —0.509 x 1 x 26.27 x 10°? = — 0.255 
and 
V+ = 0.556 
Calculate the solubility product: 
SP = = Mca2tYP+ (2moy- ee ee 4m3+3_ = — 4, (0. 0209)3 * Q. 5163 
= 6.28 x 10° (mole/litre)* 

14. Calculate the solubility of CuCl at 298 K in pure water and 
in 0.025 M MgSOQ,. Use the solubility product for CuCl. 

Solution. Calculate the solubility of CuCl] assuming that the 
concentration of the electrolyte is very low because CuCl dissociates 
completely and the ionic activity coefficients equal unity. Hence,. 

[CuCl] =[Cut] = Y SP 
SP == 3.2 x 10°? (mole/litre)? (handbook) 


[CuCl] = V3.2 x107? =5.65 x 10 mole/litre 


While calculating the solubility of CuCl in the MgSO, solution, do 
not assume that the activity coefficients equal unity because 
[MgSO,] = 0.025. Then, 


[CuC]] = V SP/¥cut¥ci- 


To calculate the activity coefficients use Eq. (18.22). Use 
Fq. (18.23) to calculate the ionic strength of the solution: 


= (0.025 x 2?4.0.025 « 24) =0.1 
Find the activity coefficients for the doubly charged ions in 
Table 9: ymg2+ = Ygo3- = 9.3. Calculate the solubility of CuCl: 
[CuCl] = Y 3.2 x 10°7/0.3 x 0.3 = 1.88 x 10-* mole/litre 
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{5. Calculate the heat of neutralization at 298 K using the tables 
of standard thermodynamic values for ions in aqueous solutions of 


electrolytes from the handbook. 
Solution. The heat of neutralization equals that of the reaction 


Hfaq) + OHiaq) = H2Oqjq) proceeding in a hypothetical finitely 
dilute solution. To calculate AA,.,4, use the following equations: 
AA peutr = AH}, y2.0 — AH}, n+ — AX}, on-, AH}, n+ = 
AH} on- = — 229.94 kJ/mole 
AA; w.90 = — 289.84 kJ/mole (handbook} 
Aff neutr = — 285.84 — (— 229.94) = — 55.94 kJ/mcie 


46. Calculate the ionic product of water, K,, = ay+aoy-, at 
298 K, using the tabulated standard thermodynamic values for ions 
in aqueous solutions of electrolytes, AG}o = — 237.25 kJ/mole. 

Solution. The equilibrium constant of the water dissociation reac- 
tion H,OQq44) == H+ + OH” is expressed in terms of activities: 


Fe i 2n+4%H- = =—§ Ky 
aa a 
H20 H20 


Since the concentration of ions H+ and OH™- in water is vanishingly 
small, ty,.90 = 1 = ay,9 or K, = Ky. Determine the dissociation 
constant from the equations 


AGaiss = —RT In K., 
AGaiss as AGH+ ae AGou- a AGy 20 
AGy+ ==0, AGoy- = — 157.30 kJ/mole (handbook) 
AG Giss == — 157.30 — (— 237.25) = 79.950 kJ/mole 
log A, = — 79.95 x 103/2.3 x 8.314 x 298.15 = — 14.023 
K, = Ky = 0.95 x 107! 


17. The temperature dependence of the dissociation constant 


log Ky = —32 + 5.2743 0.01527 


is given for the formic acid dissociation reaction (HCOOH),, = 
H+ -+ HCOO-. Calculate the heat of dissociation, AH 4,,,, and 
that of neutralization, AH,.,;,, of formic acid in a dilute aqueous 
solution. 

Solution. According to the equation, 


AF aiss = (4+) RT 
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Proceed to the natural logarithm: 
In K, = — 2.3 X 1342.85/T + 2.3 x 5.2743 — 2.3 x 0.01527 


and take the derivative one 


oun Ke — 2.3 x 1342.85/T? 2.3 x 0.0152 


Multiply the derivative by RT*, and this will give 
AH gieg = 2-3R X 1342.85 — 2.3R x 0.01527? 
Consequently, 
AF ayes = — 103.15 J/mole 


The thermochemical equation of the formic acid neutralization 
reaction, 


HCOOH -+} Nat = HCOO--+-Na*t+H,O+AH (1) 
can be written as the sum of the following two reaction equations: 
dissociation reaction HCOOH = Ht -+ HCOO- + AX gis. (2) 


and 
neutralization reaction H+ + OH- = H,O + AXpeutr (3) 


Summing up Eqs. (2) and (3) gives Eq. (1) and indicates that AH = 
AF assg + AX neutr- Since AF aisg = — 133.15 kJ/mole, 
AA neutr = — 99.94 kJ/mole. Hence, the heat of neutralization of 
formic acid in a dilute aqueous solution will be AH = 
— 56.072 kJ/mole. 

18. Calculate the entropy of the dissociation reaction, AS gysz, 
at 298 K, and that of ion HCOO 7 if the entropy of HCOOH ina dilute 
aqueous solution is S(icooHjaq = 163.8 J/mole, and the tempe- 
rature dependence of the formic acid dissociation constant is given by 
the equation 


log K, = — 2 _ 0.01527 45.2743 


Solution. Use Eq. (18.15) to calculate AG ay, 
AG aigg = + 1342.85 K 2.3R — 5.2745 x 2.3RT + 0.0152 x2.3RT2 
= 2 560 492 — 100.577 +- 0.2917? 


Then taking the derivative with respect to temperature, find AS gj,.: 
a (=F), — —100.57-+2x 0.2917 


OT 
and at 298 K, 
AS aygg = 100.57 — 2 & 0.291 x 298 = — 72.87 J mole! K~7! 
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Calculate the entropy of ion HCOO-: 
ASaiss = SHcoo- + Sut — S(ucoon)aq 


Since SFy+ —_ QO, then SHCO0O0- = S HCOOH + AS diss = 163.29 — 
72.87 = 90.42 J mole? K7-}. 

19. Determine the temperature at which the dissociation of for- 
mic acid in an aqueous solution is maximum. The temperature 
dependence of the HCOOH dissociation constant takes the form 
Ste 8? 4 5.2743 — 0.01527 

Solution. Find the coordinates of the extremum on the log Kays, = 
f(T) curve: 


log K, = — 


dln Ky 


| 3098 .55/T? — 0.035 


Consequently, at the extremum (which is a maximum because 


o*7 In K 
oO <0), 


Tmax = V 3098.55/0.035 = 297 K 


The dissociation of formic acid is maximum at 297 K. 

20. Calculate the solubility product SP for Ag,CO,. Base the 
calculation on the standard thermodynamic properties of inorganic 
substances, whose values are given in the handbook. 

Solution. According to the heterogeneous equilibrium condition 
(18.1), Us -_ Tr iaaaag? 

AG ageCc0s(sat.sol.) = AGAgscoa(s) (1) 
We find in the handbook that 


AG ageCOs(s) = —- 437.79 kJ/mole 


AG agecos(sat.sol.) = AGAg,cogtint.dil.) + RT 1n aagsco, (2) 
AG agecox int.dil.) = 2AGag+ + AG? 3 (3) 
&2AgeCO3 = gt oo2- = SP (4) 


AG e+ =77.24 kJ/mole 


AG. — 528.48 kJ/mole (handbook) 


oO. 
Substitution of the numerical values into Eqs. (1) through (3) gives 
—437.79 = 2 X 77.21 — 528.48 + 2.3 x 8.314 x 298 log SP 


= 63.73X 108 
log SP = yaxg.stax208 ~ — 11-16 


SP = 6.92 x 10-!2 (mole/litre)3 
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21. Calculate the partial pressure of 6 m hydrochloric acid at 
298 K, proceeding from the standard values of Gibbs’ energy and 
the mean ionic activity coefficients. 

Solution. According to the heterogeneous equilibrium condition, 


MHCI(g) = LHCI(sol) (1) 

Puce) = Puce) + AL In aycye) (2) 
LHCl(sol) — Witcl(int.dil .) + RT \n @HC1(sol) (3) 
aycyg) = Puci/t (4) 

AHC\(sol) = M*y5. (9) 


According to Eqs. (4) through (5), 
bicig) + AT In Pye = pucuine.ail.) + RT In m*yy. 


and 


Pisciint.ail.) + RZ lo m*yd —Pycxg) 
log Puci = _ 2.3RT 7 


Wircicint.dit.) = AGHcwint.dil.) = AGH+ + AGoi- 
= (0+ (— 131.35) = — 131.35 kJ/mole (handbook) 


Wace) = AGHcig) = — 99.36 kJ/mole (handbook) 
V+ = O.22 (hand book) 


— 131.35-+2.3 x 8.314 X 298 log 62 x 3.222 95.36 
log Puc = 3.3 X 8.314 X ae = — 9.745 


Puc = 1.93 x 10™* atm or 1.93 x 107* x 760=0.147 mm Hg 


Problems 


1. Calculate the conductance (1/r) of 1 M AgNO, at 291 K if the 
interelectrode distance is 5 cm and the area of each electrode is 2 cm’. 
The equivalent conductance of this solution is A = 94.3 mho cm? 
g-equiv. 

2. The molar electric conductance of 0.5 M K,SO, at 298 K is 
162.7 mho cm?*/mole. Determine the conductivity and equivalent 
conductance at this temperature. | 

3. During electrolysis of an AgNO, solution with silver electrodes 
the increase in the amount of salt in the anode space was 0.0625 g. 
What is the decrease in the amount of salt (in grams) in the cathode 
space? 

4. A solution of silver nitrate, containing 0.18475 g AgNO, per 
209 g of water, was subjected to electrolysis with a silver anode. 
After the electrolysis, the anode space contained 0.2361 g of silver 
nitrate per 23 g of water. Within a given period of time, 0.0780 ¢g of 
silver was deposited on the electrode. Determine the transference num- 
bers for Ag+ and NOQ7. 
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5. The absolute velocities of ions Sr*+ and Cl~ in a dilute solution 
at 291 K are 5.2 x 10-8 and 6.8 x 107® m? s“! V"!, respectively. 
Determine the equivalent conductances and transference numbers 
for the ions in the SrCl, solution. 

6. The equivalent conductance of KCIO, at infinite dilution and 
291 K is 122.8 mho cm? g-equiv?. The transference number for ion 
C10; is 0.481. Determine the mobilities of ions K* and ClOj. 

7. Calculate the equivalent conductance of 0.001 N LiCl] and 
compare the result with the experimentally found value of 96.6 
mho cm? g-equiv-'. The equivalent conductances of 0.001 NV 
solutions of LiNO,, NaNOs, and NaCl at 291 K are, respectively, 
92.9, 102.9, and 106.5 mho cm? g-equiv™!. 

8. Having plotted 4 versus Yc, calculate 4, for KCl and compare 
the result with the values tabulated in the handbook. For 291 K, 
the following are the relationships between c and Aj: 


c, mole/litre 0.0001 0.0002 0.001 0.002 0.01 0.02 0.4 O.2 1 
A, mho cm? g-equiv7? 129.4 128.8 127.3 126.3 122.4 120.0 112.0 108.8 98.3 


9. Define the range of concentrations for which Kohlrausch’s equa- 
tion is applicable (in the case of KCl solutions) if the following 
relations A = f (c) are given for 291 K: 


¢, mole/litre 0.0001 0.0002 0.001 0.002 0.04 0.02 0.4 0.2 41 
‘4, mho.cm? g-equiv-! 129.1 4128.8 127.3 126.3 122.4120.0 112.0 108.8 98.3 


10. Determine the molarity of a hydrochloric acid solution if 
conductometric titration of 100 ml of the HCl solution with 8 NV 
NaQH has produced the following results: 


VnNaon, ml 0.32 0.66 0.92 1.56 2.00 2.34 
*~ X 102, mho cm 3.20 2.56 1.86 1.64 2.38 2.96 


11. Calculate the equivalent conductance at 298 K and infinite 
dilution for monochloroacetic acid if the dissociation constant is 
K, = 1.90 x 107° (mole/litre) and the equivalent conductance at 
dilution V = 32 litre/mole is 77.2 mho cm? g-equiv—!. 

12. The equivalent conductance of 1.59 x 10-4 WW acetic acid at 
298 K isi09.78 mho cm? g-equiv™, Calculate the dissociation constant 
and pH of the solution. Find the ionic mobilities in the handbook. 

13. Calculate the dissociation constant of NH,OH if at a given tem- 
perature its 0.1 N solution has pH 11.27. The ionic product of water 
at this temperature is A, = 0.71 x 10-14, 

14. Calculate the concentration of hydrogen ions in a solution 
containing 0.1 mole of acetic acid and 0.1 mole of chloroacetic acid 
per litre at 298 K. Find the dissociation constants of these acids in 
the handbook. 
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15. At 291 K, the conductivity x of a saturated silver chloride 
solution is 1.374 < 10-® mho cm~!, and that of water, determined 
under the same conditions, is 4 x 10-® mho cm~!. Calculate the 
molar concentration of AgC] in the saturated solution. Find the 
ionic mobilities in the handbook. 

16*. The solubility of Ba(IO,), at 25 °C is 8 x 10-4 mole/litre. 
Determine the solubility of this salt in (1) 0.1 M KNOg and (2) 
0.03 M Ba(NOs),. The relationship between the ionic activity 
coefficients and ionic strength of the solution is given in Table 5. 

17*. Calculate the equivalent conductances of 5 x 10-4 and 0.1 M@ 
solutions of NaCl at 298 K, using Kohlrausch’s equation. Compare 
the results with the tabulated values. Find the ionic mobilities at 
infinite dilution, the viscosity and dielectric constant of water in 
the handbook. 

18. Calculate the activity of Na,SO,, HCl, and Pb(NQ,), in 
solutions with concentration m = 1 mole/1000 g, proceeding from 
the mean activity coefficients taken from the handbook. 

19. Calculate the ionic strength, activity coefficients of indivi- 
dual ions, and the mean ionic activity coefficients for solutions of 
electrolyte mixtures at 293 K if the solutions contain the following 
salts (mole/1000 g of water): MgSO, 0.005, 0.01; LaCl, 0.010, 0.002; 
and Na,SO, 0.020, 0.005. 

20. Calculate, using the Debye-Hiickel equation and the values 
given in Table 5, the mean ionic activity coefficient of salt BaCl, 
if J=2 x 10°* at 298 K. 

21. The ratio of partial pressures of gaseous hydrogen chloride 
over solutions of hydrochloric acid with m, = 4 and m, = 8 at 
298 K is 0.02253. Determine the ratio of mean ionic activities a.. of 
these solutions. Compare the result with the values given in the 
handbook. 

22. Given the temperature dependence of X,, (see the handbook), 
calculate the heat of the reaction H* + OH- = H,O. Compare the 
result with the calorimetrically found heat of neutralization which 
is AHnentr = — 9.60 x 103 J/mole. 

23. The heat of neutralization of acetic acid with 0.005 VN NaOH 
at 18 °C is —96 105.8 J/mole, and in the case of hydrochloric acid 
it equals —97 571.25 J/mole. Determine the heat of the reaction 


CH,COONa+ HCl = NaCl-+ CH,COOH 
24. The heat of the reaction 
HNO + NH3(g) = NHgNOg(aq) + AH 


proceeding in a dilute solution at 298 K is AH = — 86.671 kJ/mole. 
Calculate AH} wHt If AH; nugg) = —46.224 kJ/mole. 


29. Given the temperature dependence of the dissociation constant 
K, of ion HSOj, calculate AG°, AH°, AS°, and AC» for the reaction 


304 Problems and Exercises in Physical Chemistry 


HSO; — H+ + SO2- at 298 K: 
log Kg = —~2* +.5.0435 — 0.01827 


or 


K,= 


26. Determine the values of AG°, AH°, AS*°, and ACp for the 
reaction HSO, = H* + SO from the relation log K, = — meer: 


5.0435 — 0.01827 and compare the results with the standard 
thermodynamic values tabulated in the handbook. 

27. Calculate the solubility product for Ca(OH), at 298 K, pro- 
ceeding from the thermodynamic properties of individual sub- 
stances and ions in aqueous solutions. 

28. Calculate pH for a solution containing 0.09 mole KCI and 
0.01 mole HCl per 1000 g of water. The experimental pH value 
is 2.078. 

29. Calculate the mean ionic activity coefficients for a complex 
salt which is cobalt(-+3) diaminedinitrooxalatecobaltiate tetra- 


aminooxalate 


[Co(NH3),4029 ,]*[Go(NHg3)a(NO2)2C20 4]- 
in aqueous solutions of sodium chloride at 15 °C: 


CNac}, mole/litre 0 0.0003 0.001 0.005 0.01 0.02 


Solubility of the salt, 
mole/litre 0.4900 0.4935 0.500 0.5220 0.5396 0.5646 


30. Calculate the water solubility of silver iodide at 25 °C pro- 
ceeding from the values of standard Gibbs’ energies for formation of 
Aglic,), Agt, and I~ from simple substances. 

31. Calculate the Stokes radius of the lithium ion in an aqueous 
solution at infinite dilution at 298 K. Compare the result with the 
crystallographic radius of Li+, which is 0.68 A according to Boky. 

32. Given in the table is the solubility of silver iodate at 25 °C 
in pure water and in the presence of various amounts of potassium 
nitrate. 

Calculate the activity coefficients of silver iodate in potassium 
nitrate solution of different concentrations if 


CKNo, * 102, mole/litre 0 0.1301 0.3552 0.6503 1.4100 7.0500 19 .9800 
Solubility of AglO,10*, 1.771 1.828 1.870 1.914 1.999 2.301 2.665 
mole/litre 

Plot the logarithm of the activity coefficient versus the square root 
of the ionic strength of the solution. Determine how well the results 
agree with the limiting Debye-Htckel law. 
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33. Calculate the pH value of 10-§ M HBr in water at 20°C, 
taking into account the dissociation of water into ions. 
34. The temperature dependence of the ionic product of water K,, 


is given by the equation 


log Ky = — 22? +. 35.3944 — 0.008537 — 11.8261 log T 
Derive the equation for the temperature dependence of the heat of 
dissociation of water. At what temperature will the ionic product of 
water reach its maximum? 

35. The conductivities x of solutions of the sparingly soluble 
unibasic acid HA at different concentrations are 3.24 x 10-4 
mho cm~! for 8.1 x 10°? M HA and 6.00 x 10-4 mho cm~—! for the 
saturated solution. The equivalent conductances A, at infinite dilu- 
tion for the potassium salt KA, potassium chloride, and hydrochloric 
acid are 124, 150, and 426 mho cm ~™ g-equiv™!, respectively. Calculate 
the dissociation constant and solubility of the acid. 

36. Determine the solubility of silver bromide in 0.001 m KBr at 
25 °C. Find the solubility product for silver bromide in the handbook. 
Use the limiting Debye-Huckel law in the calculation. 

37. Calculate the solubility of silver chloride in a 0.01 m aqueous 
solution of HNO, at 25 °C. Find the solubility product for silver chlo- 
ride in the handbook. Use the limiting Debye-Hiickel law in the 
calculation. Ignore the effect of silver chloride concentration on the 
ionic strength of the solution. 

38. Compare the tabulated value of the mean ionic activity coeffi- 
cient of calcium chlorideinO.01 m CaCl, at 25 °C with the results of 
calculations to the first and second approximations of the Debye- 
Huckel theory. 

39. Determine the heat of the reaction H,Oq,g)— H* + OH- 
(the H* and OH™ ions are hydrated) at 298 K, proceeding from the 
heats of formation of Ca(OH),, CaCl,, and HCl, the heats of their 
solution, and A#™ at infinite dilution; AH™ = — 7.5 kJ for 
Ca(OH).. | 

40. Determine the solubility of CaCl, at 298 K in a 0.1 m aqueous 
solution of Ca(NO,),. Compare the result with the solubility of 
CaCl, in pure water. 

44. Determine the molar electric conductance of an aqueous solu- 
tion of KC] at infinite dilution at 323 K. Use the temperature depen- 
dence of the water viscosity (see the handbook) in the calcula- 
tion. 

42. Determine the molar electric conductance of 0.01 4 KC) at 
323 K and Ay = 244 mho g-equiv~! cm’. 

43. Proceeding from the integral heat of solution of H,SO, in 
water at 298 K and the standard pressure of 1.0132 x 10° Pa at 
several concentrations, determine the partial molar heat of solution 
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of 35 m H,SO, (AHy,80,). Also determine the partial molar heat 


of solution of water in 35 m H,SO, (AH y,0). 

44, Proceeding from the heat of evaporation of water at 298 K 
(see the handbook) and the partial molar heat of solution of water 
in 35 m H,SO,, determine the partial molar heat of evaporation of 
water from the above solution. 

45. Proceeding from the saturated vapour pressure Over pure water 
(see the handbook) and over 35 m H,SO, at 298 K (PyH,o = 32.4 Pa), 
determine the activity of water at 298 K. 

46. Determine the change in the chemical potential of water 
(Uzzz0 — Pu.o) during formation of a solution of H,O in 35 m 
H,SO, at 298 K if the partial pressure of water vapour is 32.4 Pa 
and the vapour pressure over pure water is as indicated in the hand- 
book. 


Multivariant Problems 


1. Proceeding from the known properties of solutions of substance A 
in water, (1) plot the conductivity and equivalent conductance of 
substance A versus dilution V, (2) check whether the aqueous solu- 
tions of substance A obey Ostwald’s dilution law, and (3) given the 
concentration dependence of equivalent conductance, calculate the 
latter for substance A at infinite dilution and compare the result 
with the values given in the handbook: 


Variant | 1 2 3 4 9 
Substance A HCN HNO, HOC) HCOOH CH,COOH 
Variant 6 7 8 g 


Substance A (CH;),ASOOH C,H,OH C,H,COOH NH,OH 


The relationship between the resistivity of th esolurion of sub- 
stance A and concentration at 298 K is as tabulated below: 


r (ohm m) for substance A 


HCN HNOg| HOC! CgH5;0H 


mole/litre 
HCOOH 
CH3COOH 
(CH3)g ASOOH 
CgH;,COOH 


Cc, 


32} 927} 6.06) 19.6) 1341] 7.46103] 9 
1390} 8.91] 27.6] 180 | 10.80 x 108 | 44. 
1810/10.3 | 34.8] 235 | 14.50 x 103 [48.5 | 14.5 


0.4 3.10 X 103} 4.3 
o.7 
7.0 
3.4 | 34120)18.2 | 61.0) 402 | 23.50 x 10% | 31.4 | 25.8 
0.4 
6.3 
Zea 


0.05 | 4.37 x 10° 
0.03 | 5.84 x 103 
0.01 10.1 x 10°] 1 
0.005 | 14.3 K 10% | 20. 
0.003 | 18.3 x 10° | 26. 
0.001 | 31.9 x 103] 5 


4560{25.9 | 87.0] 582 | 32.70 403] 48.8 |100 
5 560]35.8 |103.0] 796 | 44.5010 |57.9 |443 
10000} 68.5 |185.0] 1310 | 74.60 103] 140.4 1254 
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2. Calculate the molar electric conductance A,, of substance A, 
proceeding from the equivalent conductances Ag, at infinite dilution 
for the following substances at 298 K: 


Substance mho ie 1 Substance mho pl ghee uiy-1 
AgCNs | 1.285 Las(SQO4)3 1.50 
Ag.sO, 4.419 MgBrz. 1.31 
BaCl, 1.40 Mg(BrO,)2 {.08 
CaCl, 1.36 MgCl, 1.29 
LaCl, 1.46 Mg(CNS), 1.49 
La(CNS)s 1.36 MgF, 1.08 
LatiCs)s 1.10 Mel, 1.30 
Mzso, 1.33 Srcl, 1.36 
PbCl, 1.46 TINO, 1.51 
PbC,O, 1.43 TI,SO, 1.55 
Pb(CNS), 1.36 
PbSO, 1.10 
Variant 1 2 3 4 o 6 
Substance A Sr€,0, AgCl AglIO,; BaSO, TIBr PbSO, 
Variant 7 8 9 10 14 12 
Substance A CaC,0O, CaF, BaC,0, TICl PbF, Ph(IOQ3). 
Variant 13 14 15 16 17 18 19 


Substance A MgC,0, AgBr AgBrO, TICNS TIBrO, TII TIO, 


3. The resistivity of a saturated solution of sparingly soluble salt A 
(see preceding table) at 298 K is r. The resistivity of water at the same 
temperature is ry,9 = 1 X 10* ohm m. Calculate (1) the solubility 
of salt A in pure water, (2) the solubility product of substance A*, 
assuming that the ionic activity coefficients are y, = 1 (the solu- 
tions are diluted considerably), (3) the solubility of substance A in 
a solution containing 0.01 mole of substance B, and (4) the solubility 
of substance A in a solution containing 0.01 mole of substance C. 
Substances A, B, and C have dissociated completely. 


* The solution of the prubiem can be refined if the ionic strength of the 
solution is calculated and Table 5 ar Eq. (18.22) is used to determine the acti- 
vity coefficient. 
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The resistivity of solutions of substance A at 298 K is as follows: 


Variant 


mo OF Bb Go KD 


ohm m 


0.0141 
0.3330 
0.0550 
0.3300 
0.0038 
0.0248 


px 1074, 


Substance 
A B 
SsrC,0, H,C,0, Na SQ, 
AgCl HC] Na,SO, 
Agl0O, HIO, Na,SO, 
BaSO, NaSO, KBr 
TlBr KBr NaosO, 
PbSO, Li,SO, KBr 


4. Given the molality m and mean ionic activity coefficient yy 
ofelectrolyte A calculate the mean ionic concentration m,, mean 


ionic activity a, and activity a. 


o> a0 
E Substance <A = & Substance A = 
> oF > | 5 gf a 
1- | CaCl, 1 0.500] 14 | Th(NO,), 4.5 0.722 
2 | Ca(NO,)e 2 0.347]1 15 | Cd(C1O,)s 5.5 | 44.3 
3 | Mel. 3 7.81 || 16 | K,Fe(CN), { 0.128 
4 | MgBr, 4 12.00 | 17 | Znl, 2 1.012 
5 | Sr(ChO,). 5 140.09 | 48 | Cr,(SO,)5 0.3 0.0238 
6 | Col, 6 1.99 | 19 | Th(NO,), 0.4 | 0.192 
7 | HCl 7 4.37 | 20 | Ba(ClO,)s 5 2.13 
8 | HClO, 8 11.83 | 24 | Al,(SO4)s 0.6 | 0.044 
9 | LiBr 9 12.92 | 22 | K,Fe(CN), 0.7 | 0.054 
10 NaOH 10 3.46 2d Na,HPO, 0.8 0.217 
11 AlCl, 0.5 0.331]| 24 K.HAsO, 0.9 0.301 
12 LaCl, 1.9 0.015] 25 H,SO, 10 0.509 
13 SnCl. 3.5 1.504 


9. Calculate the chemical potential of electrolyte A in an aqueous 
solution at 298 K and concentration m (see the table on p.339). 

6. A dilute aqueous solution of MeCl, is saturated with gaseous 
hydrogen at 298 K and 1 atm. For the reaction 


Hag) + MeCl, = Me-+ 2Ht4 + 2Clia 
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i ™m, § ™m, 
> Electrolyte A mole/1000 g = Blectrolyte A mole/1000 g 
> > 

4 | NaOH { 14 | Ala(SO,)s 0.4 
2 | H,SO, 1 15 | Al(SO,)3 { 

3 | HSO, 0.4 16 | CsI { 

4 | LiF { 17) AlCl, 1 

5 { Ba(OH), 0.4 18 | AICI, 0.5 
6 | Ba(OH), 0.05 19 | InSO, 0.4 
7 \ NH,NO, { 20 | Pb(NOs)s 0.4 
8 | U0.(C10,)s 0.4 214 | H,SO, 0.5 
9 | UO,(C10,)2 1 22 | HNO, 0.5 
40 | CH,COOCs { 23 | HNO, 0.4 
41 | Ba(NO,). 1 24 | MgSO, { 
42 | Ca(NO,)e 0.5 25 | NH,Cl { 
13 HCl 0.5 


determine (1) the heat of the reaction at P = const, (2) the change in 
entropy, (3) the standard change in Gibbs’ energy, (4) the logarithm 
of the equilibrium constant, and (5) whether the reaction will pro- 
ceed spontaneously under the above conditions. 


Variant 14 2 3 4 5 6 
MeCl, FeCl, NiCl, SrCl, CuCl, MgCl, CdCl, 


7. Given the relationship between the conductance of a weak 
electrolyte A and dilution at 298 K (see the handbook), plot 7 = f (c) 
and determine A at c = 6 x 10-° mole/litre. Calculate the degree of 
dissociation a of electrolyte A at a concentration of 6 x 10-3 mole/li- 
tre. Compare the result with the value calculated according to 
Ostwald’s dilution law (find the dissociation constant of electrolyte A 
in the handbook). Determine the concentration of hydrogen ions 
in the solution of electrolyte A, the concentration of the solution being 
6 x 10-3 mole/litre, as well as the pH of the solution of electro- 
lyte A at a concentration of 6 x 107% mole/litre. 


Vari- 4 ye 3 4 5 6 

ant 

Elec- iso-C,H,COOH n-C,H,COOH* HCOOH C,H COOH CH,COOH NH,OH 
tro- 

lyte A 


thoo, n-CsH,COOH = 32.6. 
228 
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CHAPTER 19 


Electromotive Force. 
Electrode Potentials 


Basic Equations and Symbols 


The emf F ofa galvanic cell equals the difference between the 
arbitrary electrode potentials @, and @, of its half-cells if the diffu- 
sion potential can be ignored: 


= G2. — (19.1) 


(subscript 2 related to the more positive electrode potential). 
The electrochemical reactions occurring at electrodes and the 
electrodes themselves are divided into the following types. 
Cation-reversible electrodes of the first kind, Me"™* + ne = Me’, 
where Me”* and Me?® stand for the oxidized and reduced forms of 
the substance, and e stands for electron. The potential of the first- 
kind electrode is calculated with the aid of the Nernst equation: 


o RT 
~ =F sy In (Aox/rea) (19.2) 
in which @ is the electrode potential, y° is the standard electrode 
potential, m is the number of electrons involved in an elementary 
reaction, Ff is the Faraday number, and ad,.g and a,, stand for the 
activities of the reduced and oxidized forms of the substance enter- 


— at T — 298 K 


ing into reaction, respectively. The factor 


and R = 8.31 J mole™* K~! equals 0.059 V. 
Among the electrodes of the first kind are: 
(a) silver electrode 


Ag* | Ag, Agt+e—Ag®, n=1, Aox = Aagty, Ared = Gag = 1 


0 0.059 
P= Pagt, Ag+ —7— log dag+ (19.3) 


(b) amalgam electrode 
Cd2* | [Cd] (Hg) Cd** + 2e =[Cd]Jam; n=2, Qox = 4cde2t 


Pca 
Area == 4(Cdl,m = i 


° 0.059 Ac q2+ 
@ = Oca2t, [ca}(Hg) + oo log ~ (19.4) 
[Cd] 


where Q¢a2+, tcaj(Hz) is the potential of the amalgam electrode with 
the cadmium activity in the amalgam being aca) = 1; 
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(c) gas electrode 


1 
Ht | Pt, Hy, H* +-e= > Hp, i= 1, dox — QHt+; Greq = AH, = Puy 


: 0.059 ant+ 
Q = Put, He | log pi? (19.5) 
2 


A second-kind (anion-reversible) electrode is essentially a metal 
coated with a sparingly soluble salt of the same metal and is at 
equilibrium with the solution containing the corresponding anion: 


AgCl+e=Ag+Cl, n=1, Gox=Asgci=1, rea = Aci- 


P=9,—- —_ log ac)- (19.6) 
Q, == Pagt, Ag ao 0.059SP agci (19.7) 


where gt. ag iS the standard potential of the cation-reversible 
silver electrode, and SPapci = Gag+@ci- is. the solubility prod- 
uct of silver chloride. The second-kind electrodes include; 

(a) gas electrode 


{ = 
x Cl, +e= Cl ; n=, Aox = Poe, Ared = Acl- 


0 059 
Q = Pele, cl- — : r log (ac1-/Pt4,) (19.8) 


(b) calomel electrode Cl~ | Hg,Cl,, Hg which provides the site 
for the electrode reaction HgCl, + 2e = Hg + 2ClI-: 


59 
PCi-/HgeCle, H = PCl-/HgeCle, H — 5 log ac}- 


(c) silver-chloride electrode Cl~ | AgCl], Ag which provides the 
site for the electrode reaction AgCl + e = Ag +- Cl-: 


Ps 59 
Mcl-/Agcl, Ag-~ Pcl-/Agcl, Ag ~~ { log aci- 


Redox electrodes. A redox electrode is essentially an inert metal 
immersed into a solution containing the oxidized and reduced forms. 
The Nernst equation takes the following form for such electrodes: 


lee (19.9) 


r ared 


red. ox = Pred, ox + 
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where a, (a,) is the activity of the oxidized ion, and G,eq (ap) is 
the activity of the reduced ion; 
(a) simple electrodes: 
Fest + e = Fett, | 1, Areq = APe2t, Qox = APe3t+ 


say Arrest 


ed 


P= Per, pert — (19.10) 


MnO, +-e=MnO, n=1, Grea= Aunoz? 20x = yng? 
° Q. = 
i Puno. Mnoz- oie eae log (4s¢noz/ Ouno}) (19.11) 
(b) composite electrodes: 
MnO; + 8H* + 5e = Mn?*-++ 4H,0, n=5, Greq=@mn2+, Gx =a 


MnO¢ 
— 0.059 *MnOa 
gp = Pun2+/MnO, + oe log A ar (19.12) 
Quinhydrone electrode: 


C.H,0,+ 2H* -{- 2e = C,H,(OH), 


quinone hydroquinone 
n= 2, ——-* dox = ag= 1 
oo Pa, hq om. » log aiz+Qq, hq— 0.059pH (19.13) 


The relationship between the equilibrium constant of a chemical 
reaction and the standard electrode potentials is written as 


_ (V2—- Pi)n _ 
log K = 0503 (7 = 298 K) (19.14) 
where Q, > q;. 

In the case of concentration cells, the Nernst equation (in the 
absence of the diffusion potential) for electrodes of the following 
type: 


Cu | Cu2* |] Cu2+ | Cu; Ag, AgCl | HCl || HCl | Ag, AgCl 


a, Qo Q, Qo 
takes the form 
B= 29” log (a,/a,) (19.15) 


where a, and a, stand for the activities of ions Cu** and Cl-, respec- 
tively. 
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For second-kind electrodes of the following type: 


Pt, H, |HCIJ|Pt, He 


I 2 
Eq. (19.15) takes the form 
E = 2 jog (P,/P2) (19.16) 


where P, and P, are hydrogen pressures; P, > P3. 
For an amalgam electrode of the following type: 
Hg[Cd] | Cd?* | Hg}Cd] 
ay fo 
Ay => a, 


the Nernst equation will be 


0.0 


E = = jog (a,/a,) (19.17) 


where a, and a, are the activities of metallic cadmium in the amal- 
gam. 
For a cell of the following type: 


Cd (liquid, pure) | CdCl, in the melt of | Cd in the Cd-Sn 
alkaline chlorides melt 
a= 1 ao 


Equation (19.17) becomes 


k= 


— log dy (19.18) 


where a, is the activity of cadmium in the Cd-Sn melt. 
To calculate the emf of a concentration cell in the case where the 
diffusion potential cannot be ignored: 


Ag | AgNOs || AgNO, |Ag 
ay a2 


where a, and a, stand for the activities of silver ions, a, > a,, the 
following equation is used: 


2h 7 
= 0, NOs 
B= ph 0.080 log (aga (19.19) 


in which ko,Noz and Ap ag+ are the mobilities of the anion and the 
cation. 
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The thermodynamic functions AG, AS, and Af for electrochemi- 
cal reactions are calculated using the following equations: 


AG = —nEF (19.20) 

AS =nF (=), (19.24) 

AH = —nFE+nTF (= \ (19.22) 
ACp = nFT (19.23) 
E=—4,+T (Tr) p aii 


in which n is the number of electrons involved in the reaction, 
F is the Faraday number, and F£ is the emf. 
Exercises 


{. Given the standard electrode potentials of copper and zinc, cal- 
culate the emf of a cell consisting of two hali-cells: 


Zn** | Zn(az,2+ = 0.02) and Cn?* | Cu(ae,2+ = 9.3) 
Solution. To calculate the emf use the equations 
E = Fo—Qy 
RT 
Q:=Qit nF log (@ox/@rea) 
2.3RT 2.3 X 8.314 X 298 —9 059 V 


_— 


FO 96 487 
Find the standard electrode potentials in the handbook gcu2+,cu = 
0.337 Vand O%yne+zn = — 0.763 V. Since the copper half- 


cell is more electropositive, then 
0. ac 
Bate og = | F=1135 V 


E = Qcur, Cu— Qzn2+, Znob 9 ] ’ 
272+ 
2. Determine the direction of the reaction Zn + 2HCl,,1) = 
Hi, + ZnCl,(,9:), proceeding from the standard electrode poten- 
tials, and write the circuit of the corresponding electrochemical cell. 
Solution. Write the equation of one of the probable electrode 
reactions: 
2H*-| 2e—H, (1) 
and subtract it from the overall equation written in the ionic form: 
Zn-+ 2H+ = Zn?+-+-H, 
2Ht-+ 2e=H 
+ 2e= He (2) 


Zn2t +. 2e = Zn 
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Find the standard electrode potentials for electrode reactions (1) 
and (2) in the handbook; q; = 0, g: = —0.763 V. Since 9; > q,, 
according to Eq. (19.1), subtract (2) from (1). The result will be 
2H+ + Zn = H, + Zn’+. Write the circuit of the cell according to 
the electrode potential values: 

Pt, Zn | ZnCl, || HCl | He, Pt 


3. Proceeding from the galvanic cell circuit 
Pts He, | NaOH | Pb, PbO 


write the equation of the corresponding reaction. 

Solution. As can be inferred from the above circuit, the potentials o 
of the electrodes making up the cell are determined by the following 
substances: (1) Pb, PbO, OH™~ and (2) H,, OH-. Find the corre- 
sponding electrode reactions and standard potentials in the hand- 
book: 

PbO-- H,O-+- 2e=Pb+20H-, j= —0.758 V (electrode of 
the second kind) (4) 


2H,0 -++ 2e = H,-++- 20H~, > = —0.828 V (redox elec- 
trode) (2) 
Since @, > q,, subtract (2) from (1), and the result will be PbO + 
4. Given the gas cell circuit 


Pt, Hy HC] Pt, Cl, 
Y= 9.796 


calculate the potential of the chlorine electrode (@¢,. ci-) and 
the emf of the cell as a whole at 298 K. 
Solution. To calculate the potential Pcieci- use Eq. (19.8): 


Pcie, OF ee Cle, Cie 0.059 ( log ac}- — log Pa, | 
Pele, A- = 1.358 V (handbook) 
Pcly, ci- = 1.358 — 0.059 (log 0.4 x 0.796 —_ log 2) = 1.440 V 


Calculate the emf of the cell using Eq. (19.1). To do this determine 
the potential of the hydrogen cell according to Eq. (49.5): 


PuH+, Hz = PH. He + 0.059 (log ayt +3 log Px, | 
(ut, H2=0, Qu+, w, = 0.059 (log 0.1 x 0.796) = —0.065 V 


Substitution of the obtained values into Eq. (19.1) gives 
E = 1.440 — (— 0.065) = 1.505 V 
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5. Given the galvanic cell circuit 


Pt, H, H,50,; 


m= 1 


NaOH | Ho, Pt 


m = ().2 
T = 298 K, Pp, = 1 atm calculate the emf of the cell. 
Solution. Use Eq. (19.1) for the calculation. Write the equations 
of the electrode reactions and find the corresponding standard poten- 
tials @~® and mean ionic activity coefficients y, in the handbook: 


2H,0 + 2e = H, + 2HOH- 9? = — 0.828 V (1) 
Ht + 2e=— Hy 93 = 0V (2) 


Use the mean activity coefficients and concentrations of ions to 
calculate their activities: 


Aoy- = 44. = my. = 0.1 x 0.766 = 0.0766, A.D = 1 


for the NaOH solution, m = 0.1 and y. = 0.766; for the H,SO, 
solution, m= 1 and y, = 0.132; 
On+ San= V4 mys, as=S4 K1K01382=0.21 


Calculate the electrode potentials g, and g, using Eqs. (19.5) 
and (19.2): 
° 0.059 1 
Qo = Oxt, Haw ] ( log ay+— - log Px, } 


Py+,H,=9, g2.=0.059 (log 0.21) = —0.04 V 


° 0.059 { 
G; = DH, Hea, OH- = YHOO, He, OH- 1 (log AoH- — oy log Pu, | 
®¥150, He, on- = —0.828 V (handbook) 


~, = — 0.828— 0.059 log 0.0766 = — 0.762 V 


Substitution of the obtained values of g, and g, into Eq. (19.4) 
gives 


E& = —0.04 + 0.762 = 0.758 V 


6. Calculate the emf and write the circuit of a galvanic cell in 
which the following reaction proceeds reversibly: 


2Fe** +-HAsO,-+ 2H,O = 2Fe**-}+-H;AsO,-+ 2H* 


at 1 atm and 298 K. The activities of the ions involved in the reac- 
tion are Ape2t = 0.005, Qye3+ = 0.02, QH.AsO2 — 0.2, QYyAsOg = 
0.4, ay+ = 0.04, and aHied0 = 1. 

Solution. Derive the equations for the electrode reactions. To this 
end, subtract the equation of one of the probable electrode reactions 
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from that given above: 


__ 2Fee*—- HAsO,.-+ 2H,0 = 2Fe?* + H,AsO,-+ 2H* 
2Fe3* -+~2e = 2Fe+ 


H,AsO, ++ 2H* + 2e = HAsO,-+ 2H,0 


Find the corresponding standard electrode potentials in the handbook: 


Qi = PH;As04, 2H+, HAsO, = 0.060 V and 9; = Q¥es+. rest = 
0.771 V. 
Calculate the electrode potentials using Eq. (19.2): 
= a az54, 
P, = PHyAs0q, 2H+, HAsO2 + log —Hs480s | n=2 


OT AsOntH30 | 
0 — | 0.2 x 0.012 


@, = 0.560 + ——— a7 = 0.451 V 
° a ire 3+ 0). I 0.02 
Do = PFest, een 9 log on = 0.771 + —— log —— 0 O0E —- = (1.789 V 


Substitution of the obtained values of g, and gq, into Eq. (19.1) 
gives & = 0.789 — 0.451 = 0.338 V. The circuit of the cell is 


Pt | H+, H,AsQ,, HAsO, || Fe?+, Fe**+, H,O | Pt 
7. Given the galvanic cell circuit 
Pt, [Tl] He TICIO, | KCl Hg,Cl,, Hg, Pt 
ar, = 0.0628 | m= 0.1 m= 0.4 


The emf of the cell at 298 K is EF = 0.610 V. Calculate the normal 
potential y+, ¢mycag) Of the amalgam electrode. 

Solution. According to Eq. (19.1), mo, = 0.281 V for the calomel 
electrode (the handbook). Then, 


) Oni+ 
P= OT1+, [TH He + 0.099 log —— 


api+ = mys = 0.1 x 0.73 =0.073 


Substitute the obtained values into Eq. (19.1): 
0.61 = 0.281 — om+, pring — 9.059 log — 
and calculate 


pri, rng = 0.281 — 0.61 — 0.059 log 7. = — 0.333 V 


& The normal potential of the sodium amalgam electrode at 
298 K is Qnat, (NajHg = —1.86 V. The normal potential of 


a sodium electrode is @Na+, Na = —2.714 V. Explain this wide 
difference between the two values. 
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Solution. Denote the potential difference 
Nat, [NalHg — PNat, Na = — 9.89 V (1) 


by ES. Use the state diagram of the Hg-Na system, which indicates 
that dilute (liquid) sodium amalgams are essentially solutions of the 
intermetallic compound Hg,Na in mercury. Consequently, the 
equation of the corresponding electrode reaction will be Na+ + e = 
[Hg,Na] (Hg). Substitute this reaction by the following pro- 
cesses: 
Na*-+e=Na(a), Na-+-4Hg=Hg,Na (b) 
Hg,Na-+-nHg — [Hg,Na](Hg)  (c) 


Since the change in Gibbs’ energy is dependent only on the initial 
and final states of the system, rather than the path of the process, 
then 


AGreac = AGia) ar AG») ae AG ie) (2) 
Division of Eq. (1) by nF gives 
nar, [Na}(Hg) = Qnat, Na-r + \, (3) 
Comparison of Eqs. (1) and (3) gives 
EY = G2 + Gs 


where £* is a measure of chemical interaction between the metal 
and mercury. 

J. The standard potential.of the electrode OH- | H,, Pt (Pu, = 
{ atm) is @~; = —0.828 V. Proceeding from this value, calculate 
the et product of water K,, at 298 K if the Nernst equation takes 
the form 


P,=@, — 0.059 log aop- (1) 


Solution. Any aqueous solution contains hydrogen ions, and the 
Nernst equation for the hydrogen electrode is 


oO, = PH, Ho + 0.059 log aywt (2) 


However, since the circuit of the above electrode indicates that the 
emf is dependent on the concentration of ions OH~, express ay+ in 
terms of doy- and the ionic product of water K,,,: 


ay+ = Ky/aon- (3) 
Then, combining Eqs. (2) and (3) gives 
Q,= Put, He + 0.059 log Ky — 0.059 log a oH- (4) 


Comparison of Eqs. (1) and (4) suggests that 
Pi = PH+, nH, + 0.059 log K,, = —0.825 V 
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Since H+ nH. = 9, 


0.825 = 

log Ky = —Gasgp = 14.014, Ky = 1.03 x 10° 
10. The standard potential of the electrode Cl-|CuCl is g; = 

0.137 V. Calculate the solubility product SPeyc) at 298 K. 
Solution. According to the equation 


~, = g, + 0.059 log SP 


in which q; is the normal potential of the cation-reversible copper 
electrode Cut+|Cu, go; = 0.521 V, we have 


log sp =2h7 a = — 6.486, SP=3.19 x 10-7 (mole/litre)? 
44. Calculate the equilibrium constant of the reaction Cd?+ + 
Zn = Zn* + Cd, if Pcazt, Cd = —0.403 Vand Ozn2+, Zn — 
—0.763 V. 
Solution. Calculate the equilibrium constant using Eq. (19.14) 


_ (=0,403—(—0.763)) x2 
K = 1.45 = 10! 


12. Calculate the equilibrium constant for the reaction Cd?+ +- 
Zn = Zn*+ + Cd proceeding from the standard thermodynamic 
quantities for the ions, given in the handbook. 

Solution. Calculate the equilibrium constant of the reaction using 
the equations 


log K = —-AGheac/2.8RT and AGreac = AGEn2+ — AGEg2+ 
Find the values of AG® for ions Zn*+ and Cd?+ in the handbook: 
AGon2t = — 147.30 kJ/mole, AGégot = —77.794 kJ/mole 
Then, 
AGyeac = — 147.30 — (—77.794) = —69.504 kJ/mole 


Consequently, 


69 504 
log K = saxce gia cagg = 12.17 


13. Calculate the emf of the cell] 


sat. sol. 


PhI, 
sat. sol. 


at 293 K, proceeding from the solubility products for PbSO, and 
PbI, (see the handbook). 
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Solution. Calculate the emf using the equation 


0.059 (Appe+)e 
E= — > log eS 


Determine the mean ionic activities from the solubility products: 


SP (a1)o= 7 SPppizy (a+)1= WV SProso, 
SPppr, = 8 x 107* (mole/litre)?, SPppso, = 1.6 x 10-8 (mole/litre)? 


3 a 
fas” bes = 018 ¥ 
ys V 1.6 X 1078 


14. Given the cell circuit 


Cd(lig) | KCl], LiCl, CdCl, | (Cd-Bi) (melt) 
melts Icq = 0.423 


T = 773 K, and the cell emf Z = 0.0329 V, calculate the activity 
Acq, activity coefficient ‘yca, and partial pressure of cadmium Peg. 
The saturated pure cadmium pressure is Pig = 14.84 mm Hg. 

Solution. The cell is of the concentration type. To find the ac- 
tivity of cadmium in the Cd-Bi melt use the equation 


92.3% 8.314 X 773 
b= — 5X96 487 log aca 
ttre ee ee 


2.3X 8.314773 — 
log a@cqg= 1.57, acq = 0.372 


To calculate the activity coefficient of cadmium in the melt, use 
the equation 


Yca = Aca/Zca = Q0,372/0.423 = 0.879 


Calculate the partial pressure of cadmium using the equation 


Pca = acaPca 


15. Calculate the useful work W’ of the reaction Ag + 0.0Cl, = 
AgCl, proceeding from the standard electrode potentials, if 
Po, = 1 atm and T = 298 K. 

Solution. The useful work of the reaction at P and T = const will 
be W = — AG. For an electrochemical reaction, AG° = — nE°F. The 
emf of the cell is E° = gq} — gj, where gj and g; stand for the stan- 
dard potentials of the electrodes making up the cell. The above 
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reaction proceeds in the following cell: 
Ag, AgCl | Cl- | Cle, Pt 
acj~ = 1 Pc), = 1 
Pa = PClg, ci- = 1.360 V, P= Pagc, ag, ct- = 9.220 V 

E° = 1.360—0.220= 1.14 V and W’=7kE°F 
= 1.14 x 96 487 = 109.99 kJ/mole 
16. Given the cell circuit 
Pb, PbSO,|{ Na,SO, 
sat .sol. 


Hg.sO, Hg 


and the overall reaction in the electrochemical system 
Hy.SO, + Pb = PbSO,-}- 2Hg 
calculate the emf at 298 K and the temperature coefficient (=). 
proceeding from the tabulated standard thermodynamic quantities. 
Solution. Use the following equations for the calculation: 


OE 
AS = nF (--) , 
AS = >) S;— Sy 
AH OE 
Ree nk +L (+), 
AH® = >} AH}. +—~ >; AX;, ; 


Find the entropies and heats of formation for the reactants in the 
handbook: 


Substance Hig)  PbSO, Hg,50, Pb 
S°, J mole? K-! 76.4 148 .67 100.83 64.85 
AH°, k¥/mole 0 —918 .1 —742 .0 0 


The entropy of the reaction, 
AS® = 25 yg + Sppsoy — SHggso, — S Pp 
will be 
' AS° = 30.19 J mole! K7 


The temperature coefficient of emf will be 


OE 30.19 ss 
(ar) p= Syeapaar ~ 1.85 x 10° V/K 


The heat of the electrochemical reaction is 
AH° = AH}, ppso, —AH}. uea80, = — 918.1 — (— 742.0) 
— —176.11 kJ/mole 
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Then, the emf of the galvanic cell will be 


_ __ (176.1 X 10°) ot 
E=— 53 06 487 + 298 « 1.85 x 10-* = 0.968 V 


17. Given the temperature dependence of the emf of a Weston cell: 
E = 1.018 — 0.041 x 10-3 (t ~— 20) — 9.5 x 107? (¢ — 20) 
+ 1078 (¢ — 20) 
for the reaction 


8 8 
Cd + Hg2S04(s) a H,0 = 2Hg(1iq) -+ CdSQ,- 3 H20(s) 


calculate ACp at 298 K. 


Z 
Solution. Calculate (Sz), by resorting to double differentiation 


oT? 
of the equation #F =f (T). For 298 K, (0°E/0T*)p = — 16 X 
10-7? V/K. According to Eq. (19.23), 
ACp = — 16 x 10-7? x 2 x 9.65 x 10% x 298 = 92.1 J/mole 


18. The temperature coefficient of a cell whose operation is based 
on the reaction 


is (Fr). = 1.45 x 10-4 V/K. Determine the amount of heat released 
(absorbed) during operation of the cell and compare the result with 
the heat of the reaction at 298 K. 


Solution. According to the equation Q = nFT (SF). the heat of 


the reversible process is Q = 2 x 96 487 x 298 x 1.45 x 10°74 = 


8.338 kJ/mole. 
The heat of the irreversible process equals that of the chemical 


reaction 
A veac = AH}, pocig — AHF, Hegecte 
AH pocig = — 359.1 kJ/mole, AH}, yescis = — 264.85 kJ/mole 
AA reac = — 94.25 kJ/mole 


Comparison of the heats of the reversible and irreversible pro- 
cesses gives 8.338 x 100/94.25 = 8.85%. 
Thus, the heat released during operation of the cell is 3.85% of 


the total decrease in enthalpy. 
19. Given the circuit of the concentration cell 


T)(Hg) 
LT] = 0.085 


Tl | TIClO, 


m= 0.1 
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and its emf which is 0.071 V at 298 K as well as its temperature 
coefficient which is (@E/0T)p = 1.8 x 10-* V/K, calculate the rela- 
tive molar enthalpy AA of dissolution of thallium in the amal- 
gam if x7, = 0.085. 

Solution. Calculate AH, using the equation 


LL ee OE _— = —4 
AH™, = 96 487 (TY 3 ) E) 96 487 (298 x 1.8 x 10 
— 0.071) = — 1686 J/mole 


20. Calculate the partial molar heat of dilution of HCl (AM yc1) 
from the concentration m, = 0.1 to that in a finitely dilute solu- 
tion (m,). Base your calculation on the temperature dependence of 
the mean ionic activity coefficient of hydrochloric acid. 

For a solution with m = 0.1, 


T,K 293.16 303 .16 
Ps 0.7985 0.7940 


Solution. Use the equations 


ia @ncyta) AHyci (T.—T1) 


== HCN ag = Ym? 
@HC1(T1) 2.3RT oT, y a 
Log ( V(Ts) \"= AHuci ( T,—T; ) 
Fite, 2.3R TT 1 


Substitution of the numerical values gives 


lo ( 0.794 )" _ AH rc) 40 
(0.798 / ~ 2.3x8.314 \ 293.15 x 303.15 


21. Galculate the emf of a lead battery at 298 K, in which the 
sulphuric acid content by weight is 21.4% and mu,so, = 
2.78 moles/1000 g. The cell reaction is 


PbO, + 2H,SO,-+ Pb = 2PbSO,(s)-+ 2H,0 


Gibbs’ energies of formation of the substances participating in the 
reaction are as follows: AG; (kJ/mole): H,Oqjq) 234.40, PbSO, 
814.38, PbO, 218, H,SOgane.ay.) 746.15. 

The mean ionic activity coefficient of sulphuric acid is ys. = 
0.138, and the water vapour pressure over the solution 
is 21.35 mm Hg. 

Solution. To calculate the emf use the equation EF = — AG/nF. 
But first calculate AG using the equation 


AG = 2AG} y,0 + ZAG}. PbSO,4 AG}, PbOa 2AGy, HaS04 
23—0878 
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Find AGu.0 and AG ue80, with the aid of the equations 
AGu.0 = AGH,0 -+ RT |n AH.0 


‘Pp 
Peo 23.16 


AGy.0 = — 234.40 + 8.314 x 298 In 0.897 = — 237.67 kJ/mole 


QH.O — 


When calculating AGupso, (sol), the standard conditionis assumed 
to involve a finitely dilute solution (m = 1). Then, according 
to the handbook, 

24980, = 4 (my)%, AWeSO, = 4 (2.78 x 0.138)° = 0.226 


AGuaso, — AG Heso,(int.dil.) -+ RT In 4 (my) 
= — 746.15 4- 8.314 x 298 In 4 (0.138 « 2.78)3 = — 749.84 kJ/mole 


Then, AG = 2 (—-237.67) + 2 (—814.38) + 218 + 2 x 749.84 = 
— 386.24 kJ/mole. Calculate F: 


— 386 240 


22. Calculate the temperature coefficient (=), for a lead 


battery if it contains 21.4% (wt) H,SO, and mg,so0, = 2.78 
moles/1000 g. 
_ The cell reaction is 
PbO,-+ 2H,S0,-+ Pb = 2PbSO, g) + 2H,0 
The entropies of the substances participating in the reaction are as 
follows, S° (J mole~* K~*): H,Oqyq) 69.96, PbSO, 148.67, PbO, 
71.92, Pb 64.80, HSOggane.ayy.) 18 —& 1. 

The partial molar heat of solution of water is AH¥#.5 = 
196.65 J/mole. The partial molar heat of dilution of sulphuric 
acid is AHy.so, = — 2824.5 J/mole. The mean ionic activity 
coefficient of H,SO, is y. = 0.138, and the water vapour pressure 
over the solution is Py,9 = 21.35 mm Hg. 


Solution. Calculate (F) using the equation 


OE AS 
(“a7-) p= weeae7 > Where n=2 


Calculate AS using the equation 
AS = 2S bps, + 28 320 —SPro, — Spb — 2S u80, 


According to the equations 


= ; AHT.0 
Su.0 = Soo + ri -—~ Rin ago 
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and - 
Si12804 = Si1280,(5,) — — — Rin ayyso, 
Sig0= 69.96 + “2 — 8.314 x 2.3 log 0.897 
= 72.27 J mole! K-! 
2824.9 


Sizes04 = 18 + Sen —~ 8.314 x 2.3 log 4 (0.138 x 2.78)3 


= 80.87 J mole K-! 
Then, 


AS = 2X 148.69-+ 2 x 72.27 — 71.92 — 64.80 —2 x 80.87 
= 143.42 J mole’ K7! 


OE 143.42 _ 
(sr) p= a9 487 4X 10 VIE 
Problems 


1. Write the equations of the reactions occurring in the following 
cells: 


Cu, Zn | ZnSO, | CuSO, | Cu (1) 

Cu | CuCl,, AgCl | AgClcs), Ag, Cu (2) 

Pt, Cd | CdSO,, Hg.SO, | Hg.SO,(s), Hg, Pt (3) 
Pt, H, | H.SO,, HgSO, | HgS0,(s), Hg, Pt 

Cu, Cu(OH)asy | NaOH (sox) | He, Pt (4) 


2. Write the circuits of the cells and half-cells which are the 
sites of the following reactions: 


2Agt-+ H,= 2Ag-+ 2H* (2) 
Ag* -- I-= Agl(g) (3) 
Ag(s) + I(s) = Agl(so1) (4) 
Zn -+- 2Fest = Zn?+ + 2Fe*+ (6) 
H+ + OH-=H,0 (7) 
Li+>Fy=Lit+ F- (8) 
4 
Het O.= H.O (9) 
3. Calculate the emf of the cell 
Z0 | 7n2+ '" Cd?+ | Cd 
a=09.11 «1074 ||a=—0.2 | 


23* 
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4. Write the equation of the reaction for the cell 


Pb(NOs)o [| AgNO, (| Ag 
app2+ = 4 Qagt =—=4 


Pb 


Calculate the emf. Find the necessary data in the handbook. 
5. Proceeding from the standard electrode potentials, determine 
whether the reaction 


Ag(s) + Fe5+= Fe** +- Agt 
in an aqueous solution is possible at 298 K. Calculate the equilibrium 


constant of the reaction. 
6. Calculate the emf of the cell 


Sn4+, Sn2+ Pt 


Qgnat—=1, Agni 


Pt Ti, iv 


aniat—1, apis = 1 


Write the cell reaction and determine whether it is spontaneous or 
not if @yia+, rise = 0.04 Vi and @gna+ snot = 0.19 V. 

7. A cell consists of a normal calomel] electrode and a ferric-fer- 
rous one: 


Pt, Hg, Hgo, Cl, Hg.Cl, FeCl],, FeCl,, HCl Pt 
KCl TMPeCis = ™FeCly = 0-01 
MKC} =(Q.1 myc, =0.1 


The emf of this cell at 298 K is 0.446 V. (Hydrochloric acid is 
added to prevent hydrolysis.) Assuming that the activity coefficients 
of ions Fe?+ and Fe*+ are 0.75 and 0.87, respectively, calculate the 
value of @ for the ferric-ferrous electrode containing 0.4 M HCl. 

8. Determine the electrode potential for 


Pt, He Ht 
Py =1 atm Ayz+ = 0.1 


9. Proceeding from the standard electrode potentials (hand- 
book) for the cel] 
MuCl, Clo, Pt 


Mn 


calculate the emf of the cel] and determine (a) which of the hali-cells 
is electronegative, (b) whether the sign of the emf of the hallf-cells 
can be changed by varying the ion concentration or gas pressure, 
and (c) the characteristics of the half-cells the direction of the emf 
of which depends on the solution concentration and the pressure 
of the gas saturating the electrode. 
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10. Determine the emf of the cells 


Pt, He Ht quinhydrone, H* | Pt 
Py, =2 atm | ay+=9.1 (sat.sol.) ay+ = 2 
and 
Pt{ quinhydrone, CH,COOH KCl | Hg, Pt, 
(sat.sol.) Ccoy,cooH = 9-1 Ac)-= 1 | Hg.Clas) 
at 298 K. 


The standard electrode potential of the quinhydrone hali-cell is 
0.6994 V. The dissociation constant of acetic acid is K = 1.75 X 
10-°. 

Determine the pH value for hydrochloric acid if for the cell 


Pt, Hg,Cl,, Hg KCl quinhydrone Pt 
m=(.1 (sat.sol) 
HCl, c=0.1 mole/litre 


& =0.301 V at 298 K. 
41. Calculate the standard electrode potential of the half-cel] 


KI 
ay- = 1 


Ag, Agl(s) 


proceeding from the solubility product for AgI (handbook) and the 
standard electrode potential of Ag, Ag+. 
12. Given the emf of the cell 


Cd | Cdlz | Aglisy, Ag 
at 298 K, determine the activity of cadmium iodide in the solution 


(EF = 0.286 V). 
13. The standard emf of the cell 


Pt, He HC] Hg,Cl, (s)> Hg, Pt 
Py,=1 atm|m, vy, 


at 298 K is 0.2680 V. Calculate the emf for the following conditions: 
Py, = 0.01 and 0.1 atm, m = 1 and 10-% mole/1000 g, and y, = 
0.809 and 0.966, respectively. 

14. Proceeding from the standard electrode potentials, calculate 
the equilibrium constants of the reactions 


Pu8+-+ 3Li = Pu°+ 3Lit+ and Fe?+--S?-= Fe? +S? 
at 298 K. 
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15. Calculate the standard electrode potentials of the half-cells 
Fes+ | Fe, TiS* | Tl, Cut | Cu 


at 298 K, proceeding from the standard electrode potentials for 
the electrodes Fe** { Fe, Fe** | Fe**, T*| Tht, Ti+ | Tl, and 
Cu** ) Cu (handbook) and the equilibrium constant of the reaction 
Cu + Cu*t = 2Cu*: 


K, = az+/Acy2+ — 6.31 x 107? 


16. The emf of the cell 


Z0 ZnSO, 
m,=0.01 mole/1t000 g 


is 0.0235 V at 298 K. Can the diffusion potential be ignored in this 
case? (Compare the calculated emf with the one given above and 
draw an appropriate conclusion.) 
17. The emf of the cell 
Zn ZnSQ, 


ZnSO, 
m,—0.1 mole/1i000 g 


Zn 


ZnSO, | Zn 


iho = 0.005 


is 0.0185 V at 298 K. Calculate y. for the concentrated solution if 
for the dilute solution y, = 0.477. 
{8. Calculate the emf of the cell 
Pt, He CH,COOH 
Py, =1 atm} c=0.1 mole/litre 


NH,OH 
c=0.01 mole/litre 


Pt, He 
Pi =41 atm 


at 298 K. Find the dissociation constants of acetic acid and ammo- 
nium hydroxide in the handbook. 

19. Determine the activity coefficient for 1 4 H,SOQO, if for 0.05 M 
H,5O, the mean ionic activity coefficient is 0.34, the density of a 
1 M solution is 1.060 g/cm*, and the emf of the cell 


Pt, H. HS0.,, Hg.sO, Hg2S0 4(s), Hg, Pt 
Py, 1 atm [c=0.05 mole/litre 


is 0.7546 V for 0.05 M H,SO, and 0.6744 V for 1 M H,SQ,. 

20. A cell is composed of zinc amalgams of different concentrations. 
Calculate the emf assuming that az, = ¢zy. Determine the direction 
of migration of the Zn’?+ ions in the solution if, at 298 K, c, = 
0.00337 mole/litre and c, = 0.00011 mole/litre. 

21. The emf of the cell 


(Pb) Hg, PbSO, 
Epp = 0.0192 


H,sQ, 
m = Q.02 


H., Pt 
Pu= 1 atm 
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is 0.1238 V at 298 K. The standard potential of the amalgam electrode 
is Gpp)Heg, PbSO4, SO2- = —0.353 V. Calculate the activity of lead 


in the amalgam and its activity coefficient. 
22. The emf of the cell 

TICIO, 

m=0.1 


Pt(Tl)Hg 


| KC] ee Hg, Pt 
x27) = 0.085 


m=Q.1 


is 0.61 V at 298 K. The activity of thallium in the amalgam is aq, = 
0.0628. Calculate the standard potential of the amalgam electrode. 

23. Proceeding from the standard electrode potentials, write for 
the cell 


Ag, Zn ZnCl, — Ag 
m=0.595 mole/1000 g 


the equation of the reaction and calculate the change AA in enthalpy 
at 273 K, the amount Q of heat released if the cell reaction is revers- 
ible, and @ of the cell if HE = 1.125 V and (0#/dT),p = —0.0004 V/K 
at 273 K. 

24. The emf of the cell 


Pt, Agcs), AgClis)}| HCl Ci,, Pt 


as a function of temperature is given by the equation 
E = 0.977 + 5.7 x 10-4 (850 — t) — 1.48 x 10-7 (850 — t)? 
Calculate ACS and compare the result with the value given in the 


handbook. 
29. Write the equation of the reaction occurring in the cell 


Pt, Ag, AgBris) KBr |Hg.Bre, Hg, Pt 
(sat.sol.) 
Proceeding from 
T, K 293 298 303 
emf, V 0.0663 0.0684 0.0705 


and the standard thermodynamic quantities given in the handbook, 
calculate the heat of the reaction in the reversible and irreversible 
cases. 

26. In a cell which is the site of the reaction 


4 
> Hag) + AgCls) = Agis)-+ HCl(g01) 


360 Problems and Exercises in Physical Chemistry 


the emf depends on temperature as follows: 
T, K 273 233 293 298 303 o13 320 333 
E, Vv 0.236 0.234 0.225 0.222 0.249 0.212 0.204 0.196 


Write the circuit of the cell and calculate (GE/0T)p, AG’, AH, 
AS°, AA, AU°, W, and Q of the reversible reaction at 298 K by 
the graphical differentiation method. Tabulate the results and 
check them with the aid of the equation 


E = 0.2224 — 645 x 10-* (7 — 298) ~— 3.284 x 10-° (7 — 298)? 
27. The emf of the concentration cell 


TL | TICIO, Tl (Hg) 
m=Q.4 } 27) =0.085 


is 0.071 V at 298 K. The temperature coefficient of the cell is 


(=) . —- 1.8 x 10-4 V/K. CGalculate Qerij,s VETIJs AGT, and AST, 


for the thallium dissolved in mercury and determine the departure 
of the T)-Hg solution from Raoult’s law. 
28. The emf of the concentration cell 
Tl (Hg) T1.S0, Tl (Hg) 
Tl 10.02% (mol.) {| solution | T] 4.93% (mol.) at 7 = 293 K 


303 K. Calculate the differential heat of dilution of thallium, AA, 
at 293 K. 
29. The emf of the cell! 


Cdis) | KCl], NaCl, LiCl], CdCl(meit) 


Cd (in Cd-Sn melt) 
Loq = 0.298 


is 0.0324 V at 756 K, Poa = 9.2 mm Hg. Determine (a) the activity 
of cadmium in the melt, (b) the cadmium vapour pressure over the 
melt, and (c) the departures from Raoult’s law. 

30. One electrode of an electrolytic cell is liquid thallium, and 
the other electrode is an alloy of thallium with lead. The electrolyte 
is a mixture of molten salts LiCl, KCl, and TIC]. When the molar 
fraction of thallium in the alloy reaches 0.20, the emf of the cell is 
0.1419 V at 711 K. Calculate the activity, activity coefficient, and 
vapour pressure for the alloy. The saturated pure thallium vapour 
pressure is Py} = 5 X 107° mm Hg. 

31. In the case of the cell 


Pbcjiq) | (PbC),, LiCl, KC})} Pb (in Pb-Bi melt) 
(melt) 
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tp, = 0.23, E = 59.76 x 10-3 V, dE/dT = 64.4 x 10-* V/K, and 
Ps, = 5.1 X 10-5 atm at 700 K. Calculate the activity, activity 
coefficient, and vapour pressure over the melt for lead, as well as 
AGP»; AHP», and ASPp.- 
$2. Calculate the emf of the cell 
Pt, H, HC] KCl 
Py, =1 atm|m=1 (sat.sol.) 


Hg,Cle, Hg, Pt 


at 298 K with due account for the diffusion potential. Find the neces- 
sary data in the handbook and in the appended table. 
33. Calculate the equilibrium constants for the following reac- 
tions: 
Sn -+ CuSO, = Cu+ SnaSO, 
2H,.+ O2= 2H20(11q) 
Cu2* + Cu = 2Cut 


at 298 K, proceeding from the standard electrode potentials. 
34. The emf of the cell 


Pt, He HC] Cl,, Pt 
{1 atm | m=0.01 


at 298 K depends on pressure: 


P, atm 1 o0 100 
E, Vv 1.9962 1.6419 1.6451 


Determine the fugacity of Cl, and the fugacity coefficient at 50 
and 100 atm. 

39. In a fuel cell, the chemical reaction H, + 0.50, = HQ yq) 
occurs. What is the maximum value of the empirical energy to be 
obtained per mole of H, and what is the maximum emf? 


Muitivariant Problems 


1. Calculate the emf of a concentration cell consisting of metal A 
in electrolyte B in concentrations m, and m, mole/1000 g at 298 K. 
Determine the activity from the mean activity coefficient given 
in the handbook or (for dilute solutions) from the ionic strength. 
Calculate the emi of a cell made up of a hydrogen electrode in the 
solution of electrolyte C with concentration m, mole/1000 g and a 
calomel half-cell in which the concentration of KCl ism, mole/1000 g, 
and determine the pH of the solution containing electrolyte C. 
Do not take the diffusion emf into account. At 298 K, the standard 
potential of the calomel electrode (ac)- = 1) is 0.268 V, and the 
ionic product of water is 1.008 x 10-. Find the dissociation con- 
stants of weak electrolytes in the handbook. 
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= Substance pon 
= m1 me C msg m4 a 
S| A B a 
1 { Co | Co(NQg)s 0.1 0.7 NH,OH 0.5 } 0.35 | 0.50 
2} Co | Co(NOs), 0.02 0.7 NH,OH 1.0 } 0.4 44.00 
31 Ni {| NiSO, 0.4 0.7 HCOOH 0.3 { 0.03 | 0.50 
4| Ni | NiSO, 1.5 0.2 NH,OH 1.0 | 0.3 | 0.50 
5; Cu {| CuCl, 1.0 2.0 HCl - 0.01 | 0.1 0.20 
6{ Cu | CuCl, 0.2 0.05 HCl 3.0 | 0.5 2.00 
7/ Cu | Cucil, 2.0 0.06 NaQH 2.0 1.0 | 2.00 
8{ Cu | CuCl, 0.02 0.6 NaOH 8.0 1.5 2.00 
9} Cu | Cuso, 0.1 0.5 HBr 0.95} 4.0 | 0.20 
10 | Cu | CuSO, 0.04 1.0 HBr 1.0 0.45 | 0.20 
41} Zn | ZnCl, 0.005 1.0 C,H,OH 0.9 0.2 | 0.50 
12) Zn j} ZnCl, 0.5 0.04 C,H,OH 0.1 0.25 | 1.00 
143 | Zn | ZnCl, 0.5 0.02 H,0 — 3.9 1.06 
14| Zn | ZnCl, 1.0 3.0 H,0 — 3.9 1.00 
15 | Zn | ZnSO, 0.01 0.4 C,H,OH 0.3 | 1.0 | 0.50 
16 | Zn | ZnSO, 3.0 0.002 | C,H,OH 0.7 1.5 | 0.50 
17 | Ag | AgNO, 0.1 1.0 CH,COOH 0.1 4.0 | 0.10 
18 | Ag | AgNO, 0.2 2.0 CH,COOH 1.0 | 0.2 | 0.40 
19 | Ag | AgNO, 0.4 3.0 CH,COOH | 0.3 0.3 2.00 
20 | Ag | AgNO, 1.0 0.5 HCOOH 0.4 0.7 2.00 
214 | Cd | Cd(NOz)2 0.2 0.6 NaOH 1.4 2.0 | 3.00 
22 | Cd | Cd(NOs)2 2.0 0.7 NaOH 0.1 2.0 3.00 
23 | Cd | CdSO, 0.005 2.0 H,S0, 0.5 3.0 } 3.00 
24; Cd {| CdSO, 1.0 0.2 H,SO, 17.0 3.0 0.10 
29 | Pb | Pb(NOs)>. 0.002 0.02 HCOOH 1.0 2.9 2.00 


2. Write the redox reaction and calculate its equilibrium constant 

for the redox cell 

Pt | A, Bl] C, D | Pt 
proceeding from the standard electrode potentials of the half-cells. 
Determine whether the direction of the reaction can be changed 
practically by varying the component concentrations. Assume that 
Qy,.0 = 1 and ay+ = 0.2. (see the table on p. 363). 

3. The temperature dependence of emf is given for a reversible 
cell reaction. At a given temperature 7 calculate the emf £, the 
change in Gibbs’ energy, AG, the change in enthalpy, AH, the 
change in entropy, AS, the change in Helmholtz’ energy, AA, and 
the heat Q released or absorbed in the course of the process. Base 
your calculations on one mole of reactant (see the table on 
p. 364). 


363 


Ch. 19 Electromotive Force. Electrode Potentials 


‘OZ2F{7 pue 4f{ SdA[OAUT UOIJIBAL ONL » 


100°0 80°0 V0 Z0°0 + +e(7ON) +s0d +d «SZ 
€00°0 90°0 80°0 70'0 229A +097 +0 #200 Pd 
b°0 40°0 r0 Z10°0 +29 +09 + +80N *&7 
Z0°0 Z0°0 ¥0'0 600°0 +299) +999 +L +L 2c 
70°0 10°0 20'0 10°0 ~z("OUN) ~("QUW) +993) +99) 1Z 
c00°O c0°0 L00°O 80°O +301) +g0)) +691) +790 0¢ 
10°0 Z0°0 cO"0 10 +L +e LL +2UG +~S a 
G00°0 L00°0 90°0 80°0 +eNd +p +24S +90S St 
€00°0 40°0 800° 0 90°0 <OsVH Yosv°H +2US +90 #L} 
10 100°0 L00°0 910°0 +L +e LL +A +eA QF 
10°0 s00'0 C000 cr'0 +nA +eA 2O8VH Posv°H #S} 
L00°0 Z0'0 70°0 80°0 -2("OUW) _(’ouy) <OsvVH Posv°H +7} 
80°0 Z00°0 600°0 ¥1°0 +2US +y0S 409 +209 ey 
c0'0 Z00°0 910°0 L00°0 +o +200 +0) +e0Q «Zt 
90°0O SOO’ 0 10°Q c1O'O +z) +e1) +79)) +g9/) bh 
L00°0 10°0 900°0 V0 +20 _("QUN) 4209 +30) «OF 
100° 0 90°0 600°0 700 -#(N9D)9T ~2(N9)34 +299 +90D) 6 
Z00°0 80°0 10 900°0 +e Lh rel L e219 +019 8 
c00’0 70°0 90°0 90°0 +201) +890 ~i(ND)90 (ND) a4 L 
100°0 t0 Gr°0 G00" 0 +02 +e1Q +09 +99 9 
cro ‘0 C000 810'0 +2A +6A -z(’QUW) _("OuW) G 
Gro 80°0 10°0 Z0'0 +2US +yUS +0 _("OUW) *«¥ 
L0°0 100°0 ¥10'0 600° 0 +0 ~(’QOUW) -2("QU) _(’OU,) «f 
€0°0 100°0 ct0°0 co00"0 2O8VH Posv*H +20 _("QU,) #0 
10°0 10'0 Z0°0 LO +219 +19 +20N _("OU,) «} 
dn Do s Vo ad 9 q v 4uR 


-11BA 


Problems and Exercises in Physical Chemistry 


Iy-Ob X Gy t+ Eceo' 0O= 7 8H¢ +7109d = *10°SH + dd 862 GZ 
Iv-OF X L6°8+2460'0- = | 0°H+10N72+0°3H = HOW? +410°3H EGE v2 
Ls-Ob X 886° + 966°0=7 SH¢ + 108Ve =*10°SH + 3VZ E9¢ €Z 
(862 — .L)s-0b X S°9— 88%2'0=F at-+219°8H =-Tov+3Hz | 862 GG cla | (Ve 
Ly-0¥ X 86°} — 662° 0= 7 Byztqa—=18vz+qqg | Pe 06 eee 6} 
(862 — L)y-0F X 20°8 — IS19'0=4 az -t¥ost8y—=-togs+3pz | &8 8h E12 Lt 
(887 — L)s-Ol XP 6+b=4 UZ + *10°8H ="10UZ+5H2 | = e9e 9} GLZ cy 
Ls-0) X 8°¥—I86°0=F dd + *10P0 = "194d + PD Sze yy] £62 ey 
Iv-01 X G°9—698'0= 7 8Ve + *10P0 = 108v2 + PO ELZ ra 0€ tI 
(E62 — L)s-O} X 90°F —€810' T= 7 8H? + ’OSPD = 'os*8H + PD 9 OT E12 6 
(862 — L)s-Ol X 7° 9—¥0C0 O= A a+ [08V =-19 + 3y 862 8 LZ L 
(86% — L)s-O} X 64°} — 8787 F=Z 8Hz + ’osuz = *os*8H + UZ Ste 9 81Z G 
Ls-Ob X 20°97 —S@h b= 8Ve +710UZ =198V2 + UZ €9€ y eve g 
(862 — L)y-O} X 7° L— 0669 0= FZ 9% + *(HO)’H°0 = +H +70"H"D ray 4 GlZ } 
(L)/=@ uoljenby uorovau ME | quere, ML jue 


“118A 


=a 


Ch. 19 Electromctive Force. Electrode Potentials 365 


4, Given the emf of the cell 


melt 


at 753 K for different concentrations of cadmium in the melt, caicu- 
late the activity and activity coefficient of Cd and the pressure of 
its vapour over the melt. The pure cadmium vapour pressure is 
Pp? = 9.01 mm Hg. 


Variant | Xog E x 103, V Variant Xad Ex 103, V 
4 1 21 0.796 3.34 6 16 0.559 33.80 
2 42 22 0.818 7.20 7 17 0.434 02.00 
3 13 23 0.750 11.56 8 18 0.401 26.54 
4 14 24 0.676 18.96 9 19 0.375 09.90 
29 15 25 0.588 29.69 10 20 0.344 63.95 


5. Calculate the emf of the cell 
Me {| MeCl, | Cl,, Pt 


at temperature 7, using the standard thermochemical quantities 
from the handbook. 


ae Me MeCl,, T, K Se Me MeCl , T, K 
1 Ag AgC] 700 9 Mg MgCl, 900 
2 Cd CdCl, 800 10 | Na NaCl 1000 
3 Ca CaCl, 1000 141 Pb PbCl, 700 
4 Co CoCl, 1000 12 Sn SnCl, 900 
i) Cs CsCl 900 13 | Cr Crcl, 1400 
6 Ba BaCl, 1200 14 | Tl TIC} 700 
7 K KC] 1000 15 { La LaCl, 1100 
8 Li LiCl 800 
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CHAPTER 20 
Adsorption 


Basic Equations and Symbols 


The adsorption of a gas at T = const is given by Langmuir’s ad- 
sorption isotherm equation 5 
k 

Peels TRE (20.1) 
in which [ is the amount of gas adsorbed by 1 g of the adsorbent or 
1 cm’ of its surface, [. is the maximum amount of gas that can be 
adsorbed by 1 g of the adsorbent (or 1 cm? of its surface) at a given 
temperature, k is the adsorption equilibrium constant, and P is the 
equilibrium gas pressure. Equation (20.1) expressed in terms of degree 
of filling 8 takes the form 


0 = kP/(1 + kP) (20.2) 
The degree of filling is determined from the following ratio: 
oe Be) Rae (20.3) 


Langmuir’s adsorption isotherm can be expressed as the adsorbed 
gas volume: 
V = V,,kP/(1 + kP) (20.4) 


The constants in Langmuir’s equation are calculated using the 
relation 


P | 1 

s shana sae a ad (20.9) 
or 

ne tees (20.6) 


V Vm VinP 


where V is the volume of the adsorbed gas, and V,, is that of the 
adsorbed gas covering completely the surface of 1 g of the adsorbent, 
both volumes being reduced to normal conditions. 

The area S of the surface of 1 g of the adsorbent is 


— mNa (20.7) 


where s is the area occupied by one molecule of the adsorbate on the 
surface of the adsorbent. 
Adsorption from solution is given by Langmuir’s equation of the 
following type: 
CT = [ke/(1 + ke) (20.8) 


where c is the equilibrium concentration of the adsorbate in the 
solution. 
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A more rigorous adsorption equation is 
Q 
where / is a constant taking into account the forces of attraction 
between adsorbate molecules. 
To determine the mean degree of filling of the adsorbent surface 
use is made of Freundlich’s isotherm equation 


x/m = ke” (20.10) 
or 
log (x/m) = log k + n loge (20.11) 
in which z is the amount of the adsorbate, m is the weight of the 
adsorbent, and & and n are constants. 

Assuming that adsorption involves several layers, Brunauer, 
Emmett, and Teller have derived the following adsorption isotherm 
equation (BET equation): 

P 4, (C—1)P 
VPP) Wal + VatP, (20.12) 
in which V is the total volume of the adsorbed gas, V,, is the adsorbed 
gas volume in the case where the entire surface of the adsorbent is 
covered by a continuous monomolecular layer, P is the equilibrium 
pressure of the adsorbed gas, P, is the saturated vapour pressure, 
and C is a constant for a given temperature. According to Eq. (20.12), 


P PP. : ; : C— 1 
Py BP) plotted versus BP. gives a Straight line with a slope V0 ° 


To calculate the differential heat of adsorption O, use is made 
of the equations 


~~ O|lnP 

Qa= RT? ( = ), (20.13) 
and 

= Pr 

Qx= R= EE In 5 (20.14) 


where P, and P, are the equilibrium pressures for two states at two 
temperatures T, and 7, at the same amount [ of the adsorbate or 
at the same degree of “Alling. 


Exercises 


1. In an experiment with adsorption of argon by coke at 194.7 K, 
the following results have been obtained: 


P, Pa 31.9 x 10% 130.5 x 103 290 x 10° 
P, mm Hg 24 98.4 218 
lr, mg/g D 15.4 24 


Calculate the constants in Langmuir’s equation. 
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Solution. According to Langmuir’s equation, [/['. corresponds 
to the slope of the straight line representing P/T as a function of P, 
whereas 1/kT.. is the Y-intercept of this line. Calculate the values of 
P/T: 

P,Pa 34.9 10% 130.5 x 10? 290 x 108 
P/T 6.4 X 10° 8.7 X 10° 12.4 x 108 


Plot P on the abscissa and P/T on the ordinate. As can be seen from 
the plot (Fig. 39), 


1/[T = (41 — 7)/(240 — 60) = 0.0222 
Hence, [ = 45.1/kT ~ = 5.7 X 10°. Consequently, = 1/5.7 x 45 = 
0.004. 


2. The volume V,, of gaseous nitrogen at 1.04 <x 10° Pa (750 mm 
Hg) and 273 K, necessary to cover a silica gel matrix with a mono- 


0 100 200 300 
P1073 Pa Fig. 39. P/T versus P curve 


molecular layer, is 129 ml/g. Calculate the surface area of 1 g of 
silica gel if a nitrogen molecule occupies an area of 16.2 « 107°? m?. 
Solution. To calculate the area use the equation 


§ = (0-129 litre gv") (6.02 x 10% mole") (16.2 x 1072) _m?) 
a 22.4 litre mole-} 


= 9360 m? g™ 


3. At 77.5 K, the adsorption isotherm of krypton was taken on a 
silver catalyst. It is characterized by the following values: 


P, mm Hg 0.0992 0.1800 0.3686 0.5680 0.6843 


Volume of adsorbed gas per 0.0127 0.0150 0.0176 0.0190 0.1980 
ke of catalyst, cm3/g 


Calculate the constants in the BET equation and the specific surface 
of the catalyst, assuming that the area of a krypton molecule is 
Sky = 19.5 xk 10-?° m?, the density of krypton is dpog = 3.739 g/litre, 
and the pressure of its saturated vapour is P, = 2.57 mm Hg. 
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Solution. Process and tabulate the experimental data: 
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P, mm Hg Y, cm3/g P/P, Ps tne 
0.0992 0.0127 0.0385 2.4708 
0.1800 0.0150 Q.0700 2.3900 
0.3686 0.01476 0.1430 2.2014 
0.9680 0.0190 0.2200 2.0020 
0.6843 (),0198 0.2660 1.8857 

| P P ; 
Proceeding from these data, plot WIP, Versus p- (Fig. 40). 
a 8 
Use the plot to find tana: 
C—i1 
tana = 7 —> = 68 (a) 


The Y-intercept corresponds to — = 0.5 (b). Solve equations (a) 
mm 


and (b) together to obtain the values of V,, and C: C = 136; V, = 


246810 14 18 22 26 P/P.+10? 
Fig. 40. P/(V (P, — P)| versus P/P, curve 


0.0146 cm*/g. In order to calculate the specific surface, refer V 
to one mole: 


Vin = 0.0146 cm3/g = Oe eT =6.5 x 10-7? mole/g 


Then, the specific surface will be. 


Ssp = 6.9 X 10-7 x 6.02 x 1023 x 19.5 x 10-1 = 763.05 cm2/g 
24-0878 


m 
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Problems 


1. The amount of nitrogen V (referred to 273 K and 1.01 x 10° Pa} 
adsorbed by 1 g of activated charcoal at 273 K and different pressures 


is as follows: 
P, Pa 54.8 x 102 16.0 x 108 33.0 x 10% 45.3 x 108 74.2 x 103 
V, cm? g-} 0.987 3.04 5 .08 7.04 10.31 


Proceeding from these values, plot Langmuir’s isotherm and cal- 
culate the appropriate contasnts. 

2. Determine the amount (in litres) of ammonia that can be adsorbed 
on the surface of 45 g of activated charcoal at 289 K and 1.01 x 
10° Pa if the entire surface of the latter is covered with NH3. The 
surface of 1 g of activated charcoal is 1000 m?. The diameter of an 
NHs molecule is 3 x 10-8 cm. The molecules touch in the same 
plane so that the centres of four adjacent spheres occupy the corners 
of a square. | 

3. Calculate the surface area of a catalyst which, taken in an 
amount of 1 g and forming a monolayer, adsorbs 103 cm?’ of nitrogen 
(at 1.01 x 10° Pa and 273 K). The adsorption is measured at 78 K, 
and the area occupied by one nitrogen molecule on the surface is 
16.2 « 10°-*9 m?. 

4, Calculate the constants in Langmuir’s equation and z/m at 
23.8 K 10* Pa (the experimental value of z/m is 30.8 mm’) if the 
adsorption of nitrogen on mica depends on pressure as follows: 

P, Pa 2.8107 64x 407 17.3 x 107 

x/m 12.0 19.0 28 .2 
(the ratio z/m is expressed in cubic millimetres at 293 K and 1.01 x 
10° Pa, and the gas is adsorbed by 24.3 g of mica whose surface area 
is 97950 cm?), 

oa. The specific area of activated charcoal is 400 m?/g. The density 
of methanol at 288 K is 0.7958 g/cm’. Determine the maximum amount 
of methanol adsorbed by 1 g of charcoal at 288 K if the alcohol forms 
a monomolecular layer while being adsorbed. 

6. Determine the constants in Langmuir’s equation if the values 
of P and [ at 273 K are as follows: 


P, Pa 4.35 x 104 2.63 x 104 3.98 x 104 5.30 x 104 
Tr, mole/g 0.150 0.275 0.380 0.470 
P, Pa 6.63 x 10 7.94 x 10* 9.25 x 104 41.06 x 105 
Tr, mole/g 0.550 0.620 0.685 0.745 


7. Determine the constants in Langmuir’s equation and the ad- 
sorption of CO, on mica at 7 Pa if P and [ have the following values 
at 105 K: 

P, Pa 4.8 xX 10-7 14.9 X 10-1 20.6 X 10-1? 44.0 & 10-1 98.0 x 10-4 
Tr xX 1029, 1.22 1.95 2.00 3.24 3.62 


mole/cm’ 
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8. Carbon monoxide CO is adsorbed on mica at 90 K. The pressure 
and volume of the adsorbed gas have the following values under 
normal conditions: 

P, Pa 79 139 600 724 1050 1400 
T <x 108, cm? 10.82 13.39 17.17 17.60 18.89 19.60 


The surface area of mica is 6.24 x10% cm®. Determine the area 
occupied by one CO molecule. 

9. Magnesium oxide adsorbs silica from water. Produce a plot 
in logarithmic coordinates, proceeding from the following data: 


MgO, ppm 0 75 100 200 
SiO, residue, ppm 26.2 9.2 6.2 1.0 
SiO, (spec.), ppm 0 17.0 20.0 25.2 


Calculate the constants in Freundlich’s equation. Determine the 
amount of magnesium oxide (ppm) necessary to bring down the 
residual silica to 2.9 ppm. 

10. Calculate the amount of hydrogen (measured under standard 
conditions) adsorbed by 100 ml of an adsorbent if the surface area 
of the latter is 850 m* ml-! and 95% of the surface is active. The 
diameter of a hydrogen molecule is 27 nm. The adsorbed molecules 
touch in the same plane so that the centres of four adjacent spheres 
occupy the corners of a square. 

{1. Gases A and B tend to occupy particular sites on the surface 
of an adsorbent. Demonstrate that the degree of filling of the surface 
occupied by gas molecules is 


O, = kyPal(1 + kaPa + kpPp) 


12. Calculate the specific surface of a catalyst if the adsorption of 
krypton at 77.5 K is characterized by the following parameters: 


P, mm Hg 0.447 0.645 0.159 0.450 
Volume of gas adsorbed 0.4485 0.4619 0.5234 0.6343 
by 4 g of catalyst, cm?/g 


The catalyst weighs 13.03 g. The area occupied by one krypton 
molecule is sgy = 19.2 = 10-*° m’, the density of krypton is dgeg = 
3.739 g/litre, and the pressure of its saturated vapour is P, = 
2.0/ mm Hg (342.65 Pa). - 
13. At 2938 K, the adsorption isotherm of benzene was taken on 
activated charcoal with the following parameters: 
P/P, 04 02 O08 O4 O58 0.6 
P 
V(P,—P) 0.19 0.23 0.35 0.42 0.5 0.6 


The density of benzene is dggo¢ = 0.878 g/litre, and the area occupied 
by a benzene molecule in the monolayer is sc,4H, = 30.3 x 107'6 cm?. 
Calculate the specific surface of activated charcoal. 


24* 
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144. At 77.5 K, the adsorption isotherm of krypton was taken 
on a platinum catalyst with the following parameters: 


P, mm Hg 0.149 0.200 0.308 0.491 
Volume of gas adsorbed 0.2763 0.3040 0.3524 0.4098 
by 1 g of catalyst, cm°/g 


Calculate the constants in the BET equation and the specific surface 
of the catalyst if the area occupied by a krypton molecule is sg; = 
19.2 x 10-7° m?*, the density of krypton is dooce = 3.739 g/litre, 
and the pressure of its saturated vapour is P, = 2.07mm Hg 
(342.65 Pa). 

15. The pressure measured during adsorption of a certain amount 
of NH, by 1 g of charcoa] is 1.4 x 10* Pa at 303 K and 7.44 x 104 Pa 
at 353 K. Calculate the heat of adsorption at a given degree of 
filling. 

16. Under normal conditions, 40 cm? of CQ, are adsorbed by 1 g 
of charcoal at 303 K and 8 x 104 Pa and at 273 K and 2.27 xX 10% Pa. 
Determine the heat of adsorption. 

17. Determine the heat of adsorption of nitrogen oxide on barium 
fluoride proceeding from the following data: 


233 K 273 K 

P, Pa r, cm3 P, Pa I’, cm3 
3.90 X 108 3.17 7.91 X 108 1.81 
4.65 x 40° 3.70 14.15 x 10° 2.40 
6.70 x 108 4.40 17.3 x 105 3.04 
8.59 X 108 0.09 23.9 x 108 3.73 
1259 < 107 6.414 33.9 x 108 4.24 
17.3 X 10° 6.70 44.0 x 103 9.30 
18.6 x 108 7.30 53.0 x 103 5.86 
30.3 X 108 8.48 09.0 x 10 6.16 
39.3 X 108 9.07 60.7 « 108 6.34 
47.3 X 10 | 9.92 82.0 x 108 7.30 


18. Determine the heat of adsorption of N,, CO, CH,, CO,, and 
NH, on charcoal if that of hydrogen is 10.46 x 10% J/mole. The 
boiling points of the above substances are as follows: 


Substance H, No CO CH, CO, NH, 
T, K 20.4 77.3 83.1 141.7 194.6 240.0 


Use the approximate condition 
AH/T,.4. = const 
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Multivariant Problem 


The amount V of substance (referred to 273 K and 1.01 x 10° Pa 
(4 atm)) adsorbed by 1 g of an adsorbent at 273 K and different pres- 
suresisgiven in the table: (1) plot the adsorption isotherm V = f (P) 
and P/V =f (P); (2) express the adsorption isotherm in terms of 
Langmuir’s equation; (3) determine the amount of adsorption 
(m*/g) at the maximum degree of filling of the adsorbent; (4) deter- 
mine the degree of filling of the adsorbent at pressure P; and (0) 
determine the gas pressure at which the degree of filling of the adsor- 


bent will be 0.4. 


Sz T, K Adsorbent Adsorbate| P1x10-4, Paj Px107-3, Pa | Vx108, m3/g 

1.62 0.31 

2.30 0.99 

| 273 Charcoal No 2.0 17.30 3.04 
30.70 5.10 

44 .5U 6.90 

4.20 12.73 

8.10 21.20 

2 273 Charcoal CO, 2.0 11.70 26.40 
16.50 32.20 

24 .00 38 .60 

9.80 2.00 

24.20 9.57 

3 | 273 Charcoal co 2.0; 41 .30 8.43 
60.00 41.20 

72.50 12.85 

10.50 60.40 

21.60 90.30 

4 273 Charcoal NHg 5.0 42.70 415.70 
65.60 127.00 

85.20 132.40 

11.30 2.04 

24 .40 3.72 

5 273 BaF, CO 9.0 44.50 » 30 
61.00 6.34 

82.50 7.30 


374 (Table concluded) 
Fe 
Se T,K | <Adsorbent | Adsorbate| P1x10-4, Pa | Px1073, Pa | Vx108, m3/g 
i) 
27.60 0.447 
43 .40 0.698 
6 273 Charcoal H, 2.0 57.40 0.915 
72.20 1.142 
86.10 {1.352 
1.67 3.47 
8.83 13.83 
7 (194.5! Charcoal No 2.7 20.00 23.00 
36 .30 27 94 
52.00 33.43 
29.6 45.2 
36.7 19.4 
8 {194.51 Charcoal CH, 5.0 47.8 22.3 
60.5 29.3 
77.0 28.4 
4.00 15.80 
0.04 19.05 
9 |194.5| Charcoal CO 0.5 9.65 27.70 
16.65 34.10 
19.80 38.95 
3.22 2.09 
7.25 10.02 
10 1494.5] Charcoal Ar 3.0 13.45 15.56 
17.25 18.34 
39.90 29.14 
9.35 39.5 
12.45 42.8 
41 273 Charcoal CoH, 2.0 22.00 49.9 
42.60 96.5 
82.50 64.5 
2.00 40.4 
4.27 20.8 
12 293 Charcoal C.H, 2.0 10.57 30.5 
29.50 42.4 
91 .50 55.2 
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Complex Problems 


{. Determine the equilibrium constant Kp of reaction (A) at 298 K 
and in the range of temperatures from 300 to 1000 K at 100 degree 
intervals, 

2. Plot Kp = f (T) for temperatures ranging from 198 to 1000 K. 

3. Plot log Kp versus 1/7 for temperatures ranging from 298 to 
1000 K. 

4. For a given reaction, plot the yield z of the end product versus 
the equilibrium constant, provided the initial mixture is stoichio- 
metric. 

5. Determine the yield of the reaction product at temperatures 
ranging from 298 to 1000 K if the pressure of the equilibrium mixture 
is 1.0133 x 10° Pa and plot the yield of the end product versus 
temperature at the above pressure. 

6. Draw a conclusion as regards the shift of equilibrium if added 
to the initia] mixture is nitrogen which does not participate in the 
reaction. 

7. Determine the activity coefficient of the substances involved in 
the reaction at 2.0 < 10’ Pa and at the temperature corresponding 
to the maximum yield of the reaction products if the equilibrium 
pressure is 1.0133 x 10° Pa. 

8. Calculate A, at the temperature corresponding to the maximum 
yield of the reaction products and at 2.0 x 10’ Pa. 

9. Calculate the equilibrium yield of the reaction products at 
2.0 x 10% Pa. 

10. Determine the heat of transition from the initial to the equilib- 
rium state at temperatures ranging from 300 to 1000 K and plot 
Op =f (2). 

{1. Determine the partial pressures of the gases in the system 
in thestate of equilibrium, provided the yield of the reaction products 
is maximum at the equilibrium pressure of 2.0 x 10° Pa. 

{2. Determine the temperature to which the equilibrium system 
is to be cooled for one of the reactants to start condensing from it. 


Variant Reaction (A) Variant Reaction (A) 
1 CH,+H,O = CO-+ 3H, 4 2CH,+ 0.= 2C0-++ 4H. 
2 CH, -+ 2H,0 = CO,+ 4H, 5 2CH, = CH = CH+ 3H, 
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CHAPTER 21 


Formal Kinetics 


Basic Equations and Symbols 
For reactions given by the stoichiometric equation 
Va Art va,Ao+ Va,Ag+... — Vp, B,+ vp,Bo + vp, B; 


the true rate w is expressed as the following relation: 


a ane { acy, = { dcx, _ 4 dcp, 4 dey, 
Vai dt VAs dt VE, dt Yuya 
(21.4) 


in which va; and vg, are stoichiometric coefficients, A stands for the 
initial substances, and B stands for the reaction products. 

The relationship between the reaction rate and concentration of 
the initial substances (differential form of the kinetic equation) is 
expressed in terms of the mass action law 


w= ke'sicn (21.2) 
where # is the reaction rate constant, and n,, n., ... are numbers 
representing the particular order of the reaction relative to com- 
ponent A,, A,,.. ., respectively. The overa]! order nm of the reaction is 

n=n+n, (21.3) 
The mean reaction rate w is 
W == Cy —€4/ (ty — ty), (21.4) 


where (¢, — #,) is the time interval during which the reactant con- 
centration changes from c, to c, in the course of the reaction. For 
different types of reactions, the mass action law will take different 
forms. In the case of a zeroth-order reaction, the differential forms 
of the kinetic equation become 


de, 
— = (21.5) 
oo f (21.6) 
and the integral forms of the kinetic equation will be as follows: 
k= (eo. A,—Ca,)/t (21.7) 
k= x/t (21.8) 
C4,=€0,a,— ht (21.9) 


typ =0.5¢p, 4 (hk (24.40) 
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where co 4; is the initial concentration of reactant Aj, ca; is the 
concentration of reactant A; at instant ¢t, z is the number of moles 
of substance A, which have reacted by instant f, x = co, a; — Caj;, 
and t,,, is the half-life (time period during which the concentration 
of the substance becomes half the initial one). 

In the case of first-order reactions (A — products), the differential 
forms of the kinetic equation become 


=e. (21.11) 


& =k (co, a—2) (21.12) 


and the integral forms of the kinetic equation become 


-- #3 og fo A 
k; — log ——— (21.14) 
C465 26 (21.15) 
ty). = 0.693/k (21.16) 


In the case of second-order reactions (A, + A, — products), if the 
initial concentrations of the reactants are the same, co a, = Co, Agr 
the differential forms of the kinetic equation are 


~ f= ke’ (21.47) 
Zs k (eo, .—2)? (24.18) 
while the integral forms are 
k= > (—-— —} (21.19) 
k= > (24.20) 
C= nee (21.21) 
tite= = (24 .22/ 


if the reactant concentrations in second-order reactions (A, + A, — 
products) are dissimilar, co a,* - Co, a,, then the differential forms 


* Sometimes the initial concentrations co,4, are dicted hv the letter a 
and ¢9,4,, by the letter b. 
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of the kinetic equation are 


— = hea seas (21.23) 
ne k (Co, Ay— 2) (Co. Ag — 2) (21.24) 
and the integral forms of the kinetic equation will be 
2.3 4 ©ar°O, A 
k = —— —__-____- log —*+———> 21.20 
: Co, Ai °O, Ae . CAo"0, Al ( 
and 
is SO {0, Ar ~7) £0, Ag (24.26) 
t Co ay "0, Ag (Co Ao 7) "0, Ay 


In the case of third-order reactions (A, + A, + A, — products), 
if the initial reactant concentrations are equal, co, a; = ¢o. 4, = 
Co,a,, the differential forms of the kinetic equation become 


— A — keh (24.27) 
=k (co, 4 —2)3 (21.28) 
and the integral forms are 
bent a _ (21.29) 
k= 5 moo a (21.30) 
3 


(24.34) 


One way to determine the order of a reaction is by the Ostwald- 
Noyes (integral) method: 
log (t4 ;2/t4 2) 

i a log (Co, 2/€o, 1) 74 ony 
where ti,/2 is the half-life corresponding to the initial concentration 
Co,1, and ¢4;2 is the half-life corresponding to the initial concentration 
Co,2. (instead of the time period during which half the substance 
is spent in the reaction (¢,/.), one may take the time it takes one 
third of the substance to react (t,/;) or one fifth (¢,,;), etc.) 

Another way to determine the reaction order is by the van’t Hoff 
(differential) method: 


n; = (log w, — log w,)/(log co,  — log cy, .) (21.33) 
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where w, and w, are the true reaction rates corresponding to the 
initial concentrations co, and Co, respectively, and n; is the par- 
ticular order with respect to the component whose initial concen- 


tration 1S Cy. 


Exercises 


1. The transformation of benzoyl peroxide into diethyl ether (first- 
order reaction) at 333 K was 75.2% complete within 10 min. Cal- 
culate the reaction rate constant. 

Solution. Write a first-order equation and substitute the appro- 
priate numerical values into it: 


2.303 a 2.303 100 


= 0.2303 x 0.606 =0.140 min” 


2. In the presence of ions H+, cane sugar (biose) is hydrolyzed 
with water, dissociating into two monoses (glucose and fructose) 
according to the equation 


CypH,,041 - H,0 aa Cg H 1206 + CgH 206 


The cane sugar solution rotates the polarization plane to the righ, 
and the mixture of glucose with fructose rotates it to the left. In 
both cases, the rotation angle is proportional to the concentration 
of the solutes. At 298 K, the change in the angle @ of rotation of the 
polarization plane of the cane sugar solution in 0.5 N HCI with 
a large amount of water with time was as follows: 


tf, min 0 176 ore) 
a, deg 25.16 9.46 —8.38 


Calculate the reaction rate constant and the amount of sugar (%) 
inverted within 236 min. Determine the rotation angle by ¢ = 236 min. 

Solution. Denote the rotation angle at the initial moment by ap, 
Oo after the inversion is over, and a when observed at a given 
point in time. Since the change in the rotation angle from the initial 
to final moment is ay — Ga, this quantity is proportional to the 
initial sugar concentration co 4, whereas the sugar concentration 
at a given moment, co, 4 — 2, is proportional to the change in the 
rotation angle from a given moment, a;, to the end of inversion, 
Qo, that is it is proportional to a; —a.a. The reaction of sugar 
inversion in the presence of a large amount of water is of the first 
order. Calculate the rate constant of the reaction using Eq. (21.14) 
with co a and co.4 — 2 being substituted by the proportional 
quantities @ — Qo. and a — Ao: 


t 1t— Ao 
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Substitution of the numerical values of ¢, a), @o, and @, into the 
equation gives 


2.303 25.16 —(—8.38) 2.303 |, 93.94 05028 
ky = 776, 108 5.46-—(— 8.38) 47 a ee 


Determine the amount of sugar inverted within 236 min. To do 
this, substitute 0.005028 and 236 min for k&, and t, respectively, in 
Eq. (21.14). Then, 


cA 0.005028 X 236. _ 
a oe 


This gives us the quantity of hydrolyzed sugar: 
—“oA__ 3,275 and r=0.6948co , or x=0.6948 x 100 = 69.48% 


Co, A~ SF 


Now determine the rotation angle corresponding to ¢ = 236 min. 
When all of the initia] amount of sugar has been inverted, the change 
in the rotation angle will be 25.16° — (—8.38°) = 33.54°. Since 
at t = 236 min 30.52% of sugar remain unhydrolyzed, the change 
in the rotation angle, caused by the transformation of this amount, 
will be less accordingly. Denote this change by z, then, 


: 30.52 33.54 x 30.52 , 
3354 400° 2 09 19-28 


Since z = a, — (—8.38°), then a, = z — 8.38° = 10.23° — 8.38° = 
+-1.85°, that is 236 min after the onset of the reaction, the reaction 
mixture will rotate to the right through an angle of 1.85°. 

3. For the reaction A = B + C + D, proceeding in the gas phase 
atv = const, the total pressure at the initial moment ¢ = 0, P = P, 
has been determined, and after t = ¢’', P = P’. Express the rate 
constant in terms of the total pressure, assuming that the reaction 
is of the first order. 

Solution. According to the equation for ideal gases, cg = P,/RT, 
then, 


k = (2.3/t) log (Po. a/P,) 


Express the partial pressures P, of substance A in terms of the 
total pressure P. To this end, write, according to Dalton’s equation, 
P= Px, + Pg + Po 4+ Pp; introduce the quantity zx (decrease 
in the pressure of substance A during the reaction), then Pa, = 
Po,a — x. The initial pressure in the system equals the pressure of 
substance A: Po a = Py. Write Pp = Po = Pp = «. In that case, 
the total pressure at instant twillbe P = Po —2x-+ 32 = P, + 2z. 
Express z in terms of P and Py: x = (P — P,)/2. Substitute the 
value of x into the equation Py, = Py, ~— x and express the partial 
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pressure of reactant A in terms of the total pressure: 


— 9” and k=—— lo 
Pa 9 ¢ °8 3p —P 


4. In the course of the reaction CH,;COOCH gy) ~ C,H, + H, + 
CO, the total pressure changes as follows: 


#, min 0 6.5 13.0 19.9 
P, Pa 41 489.6 54386.6 65050.4 74914.6 


Demonstrate that the reaction is of the first order and calculate 
the mean value of the rate constant at the experimental temperature 
of 298 K (V = const). 

Solution. If the reaction is of the first order, its rate constant, 
calculated in accordance with the equation k = 1/tI1n (cy — c), 
must remain constant at any point in time. In the mathematical 
equation, the initial substance concentrations at the initial and 
current moments may be replaced by the partial pressures of the 
substance at the same moments because the pressure of a gas is 
proportional to its concentration (at 7 = const). The above pres- 
ures (except for the first one) represent the total pressure of all four 
gases, and to calculate the rate constant one must know only the 
acetone pressure. 

Let, at moment ?f, Pou, = 2, then Py, = Poo = Zz and 
P.cHs)scoo = Py — 2, Po being the initial pressure of acetone. The 
total pressure at any moment is P = P, —x+ 32 = P, + 2z, 
then 


_ es » dawn a 
Substitute the pressure ratio for that of concentrations: 
eS ne. ee 
Cc 7 Py~—2z _ 3P,—P 
then 
__ 2.303 2P, 
‘= t log 3P,—P 


Substitute the values of pressure in the system for a given point 
in time and calculate the rate constant: 


2X 41 589.6 


k= 6.5 log 3% 41 589.6—54 386.4 0.0256 
9.303 2x 44 589.6 _ 

K= 739 108 3.ca7 580.6 —65 050.4 ~ 0-0209 
2.303 2x 44 589.6 7 

k= 9.9 108 sscarg0.6--74914.6 79-0257 


Itmean == 0.0256 
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The rate constant is invariable within the inevitable experimental 
errors. Consequently, this reaction is of the first order. 
5. The rate’ of reaction: 


(CpH5)3N + CHsl — [(C2H5)3 —N* —(CHg)]I- 


in the presence of nitrobenzene was determined at 298 K under the 
following conditions: 


t, Ss 1200 1800 2400 3600 4500 5400 
xz, mole/litre 0.00876 0.01065 0.01208 0.01392 0.01476 0.01538 


where t is time and z is the amount of triethylamine or methyl iodide 
reacted within the time ¢. The initial concentrations of the amine 
and alkyl iodide are 0.0198 mole/litre. The reaction is of the second 
order. Determine its rate constant. 

Solution. For a second-order reaction involving two substances 
in the same concentrations, 

x 0.00876 
c= ta(a—z) ’ sae 1200 x 0.0198 x 0.01104 = 0.0334 
k = 0.0334, 0.0327, 0.0329, 0.0332, 0.0828, and 0.0325. The mean 
value is k = 0.0329 litre mole~? s7}. 

6. The rate constant of the reaction of saponification of ethyl 
acetate with sodium hydroxide at 283 K is 2.38 if the concentration 
is given in mole/litre and time is given in minutes. Calculate the 
time necessary for saponification of 50% of ethyl acetate if 1 m3 
of a 0.05 N solution of ethyl acetate is mixed, at 289 K, with (a) 
1 m*0.05 NV NaOH, (b) 1 m?0.1 NV NaOH, and (c) 1 m?0.04 NV NaOH. 

Solution. The concentrations of the acetic ester and alkali are equal; 
therefore, Eq. (21.20) should be used: 


_ 4 x 
Keto, = (C9, ay —®? 


Since the mixture volume is 2 m5, then ca, = 0.025 g-eq/litre and 
x = 0.0125 g-equiv/litre. Substitution of these values and k, into 
the equation for ¢ gives 


ae 0.0125 f 0.01425 _ 16.8 
1“ 2.38 0.025 (0.025 — 0.0125) ~~ 2.38 0.025 x 0.0125 min 


The concentration of the ester is not equal to that of the alkali, 
that is the reactants are taken in different amounts, therefore, use 


Eq. (21.26): 


, 2.303 1 log 10. Aa) 0, Az 
ke fo, Ai °0, Ag (Cg Aa *)o, Al 


If the initial ester concentration is denoted by co,4, and that of the 
alkaliby co, a,, then¢o,a, = 0.025 g-equiv/litre, co,4, = 0.09 g-equiv/ 
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litre, and c, = 0.0125 g-equiv/litre. Substitution of these values into 
the equation for ¢ gives 


2.303 { (0.025—0.0125) 0.05 
ts = 338° 9.098008 198 0-05 0.0195) 0.025 = 6.81 min 


The ester concentration is co, 4, = 0.025 g-equiv/litre, ca, = 
0.0125 g-equiv/litre, and the alkali concentration is co, 4, = 0.02 


g-equiv/litre. Then, 


2.308 f (0.025 —0.0425) 0.02 _ 
ts = 3738 Oras oe 198 0-02 0.0195) 0. 4-2 min 


7. The rate constant of the reaction A +B is & = 0.5, the initial 
concentration of A being co 4 = 1 mole/litre. Calculate the degree 
of conversion of substance A within t = 1 h if the reaction is of the 
zeroth, first, and second order. How is the degree of conversion 
dependent on the order of the reaction? 

Solution. For the zeroth-order reaction, according to Eq. (21.7), 


0.5=—4, a=(0.5 


For the first-order reaction, according to Eq. (21.14), 


2.3 1 0.5 
0.9 =—— log =—> > 7.3 — log (1—a), a=—0.39 
For the second-order reaction, according to Eq. (21.20), 
1 1 1 4 


The higher the reaction order, the lower the degree of conversion 
and the slower the reaction. 

8. A solution of ethyl acetate is saponihed atcy , = 0.01 g-equiv/litre 
and 293 K, with0.002 g-equiv/litre (c),,) of a sodium hydroxide solu- 
tion within ¢, = 23 min, the degree of saponification being 10%. 
How much time will it take (t,, ¢,, etc.) for the same acetic ester 
solution to be saponified to the same degree with NaOH solutions 
of the following concentrations: ¢y, = 0.004, cy, = 0.006, ¢,., = 
0.008, and cy.,¢ = 0.01 g-equiv/litre? 

Solution. Using the following notation: 4 = cy),, 6 = cy., and 
zx =0.1c,, in Eq. (21.26) gives 


1 2.3 (Co, 1—0.1e ic 9 
fess Se 0 
é (Co, 1—~—o, 2) 5 (Co, 2—O0-4e9, 1) ¢o, 1 
Zio (0.01 —0.1 & 0.01) 0.002 =~ 3.19 


= 33 (0.010.002) 1°8 (0020-1 x00) 0.001 - 
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Substitute the value of & and those of C9,3, Co,4; Co,5, ANd Co,¢6 
for co.. into the equation to calculate ¢,, t3, t,, and t;: 


_ 2.3 (0.01—0.1 x 0.01) 0.004 
3.19 => 970.004) 198 G-004—0-1 x0.01) 0.01 
t, = 95 min, and so on 


9. The kinetics of the reaction between thiosulphate and n-propyl 
bromide, 5,07> + RBr — ASSO, + Br-, was studied at 310.0 K. 
The sonesnteatinn of ion S,0%° was determined at different time 
intervals ¢ by titration. Used “for the titration were V ml of a 
Q.02572 N solution of I, per aliquot (10.02 ml) of the reaction mix- 
ture. The initial concentration of thiosulphate which was present 
in an excess amount was 0.100 mole/litre. The values of ¢ and V 
were as follows: 


t, 3 0 41410 2010 3192 2052 7380 11232 78 840 
V, ml 37.63 35.20 33.63 31.90 29.86 28.04 26 .04 22.24 


Calculate the rate constant of the second-order reaction. 
Solution. For a second-order reaction, 


2.303 b (a— zx) 
— t (a— b) log a (b—2z) 


where a is the concentration of _ at t = 0 


ee ee FU OO. 0 HORT cicloslite 


By the time ¢ = 0, a certain amount of S,0% has already been 
spent, therefore, the concentration of 5,037 will "be below the initial 
one (0.100 mole/litre). Calculate the initial concentration of n- 
C;H,Br, assuming that equilibrium is reached at t = 78 840 s: 


fa total amount of S,02- spent for n-C,H,Br 
Vn~CgH7Br 


(37.63 — 22.24) 0.02572 
ae 0.0395 mole/litre 


Calculate the concentrations of the reactants at ¢ = 1110 s: 


RS Pasco SO sn A ei 


V n-CgH+Br 
= ee Oe = se mole/litre 


amount of iodine spent for S,02- — 35.20 x 0.02572 


= mole/litre 
Vsn02- 10.02 


(a—z) = 
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where (b — z) is the concentration of n-C;H,;Br at ¢, and (a — x) 
is the concentration of S,03° at ¢. Then, 
b (a—2z) 0.0395 (35.20 x 0.02572) /10 .02 0.0395 x 35.20 


a(b—2) 0.0967 (12.96 X 0.02572)/10.02 0.0967 X 10.96 a 


The difference between the initial concentrations of the reactants is 
a — b = 0.0967 — 0.0395 = 0.0572 mole/litre 


Consequently, the reaction rate constant will be 
= 0.0363 log 1.110 = 0.0363 x 0.0493 = 0.001644 
kh = 0.001644, 0.001644, 0.001649, 0.001636, 0.001618, 0.001618 


The mean value of & is 0.001635 litre mole™ s7?. 

10. Hydrogen peroxide dissociates in an aqueous solution accord- 
ing to the equation 2H,O, ~ 2H,O0 + O,. The kinetics of this 
reaction was studied by titration of samples of equal size with 
potassium permanganate. Determine the order of the reaction by 
all possible methods and calculate the mean rate constant for this 
reaction, proceeding from the following data: 


Elapsed time, min 0 5 10 15 20 30 40 
Amount of 0.0015M@ KMnO, 23.6 18.1 14.8 12.4 9.4 5.8 3.7 
spent for titration of 2 x 
10-§ m? of sample, cm*% 


Solution. Determine the order of the reaction and calculate its 
rate by the integral graphical method assuming that the reaction 
may be of the first or second order. The volume of the permanganate 
solution spent for the titration is directly proportional to the hydro- 
gen peroxide concentration cy,o, =~ Vemno,- Here are the data neces- 
sary for plotting: 


t, min 0 5 10 15 20 30 40 

V, cm3 23.6 18.4 14.8 12.4 94 58 3.7 
(1/V) x 10? 4.3 5.5 6.7 8.3 10.6 17.0 27.0 
log (V,/V) x 10 145 2.03 2.90 3.99 6.09 8.05 


Figure 41a represents (1/V) = f (t) (curve 2) and log (V,/V) = 
f (¢) (curve 1). The fact that log (V,/V) = f (t) is a straight line 
suggests that the reaction under consideration is of the first order. 
To calculate the rate constant use the equation k = tana x 


2.0 = *X2" = 0.046 min~*, Check the result again by finding 


the derivative — on the V = f (¢) plot (Fig. 416) and calculating 


the rate constant with the aid of Eg. (21.1), dV/dt = kV. For t = 
20 min, the volume of potassium permanganate is V = 9.4 cm’. 
Determine the above derivative from the straight line on the kinetic 


25-0878 
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plot: 


<= tana-=0.439, hence, A= a = 4.64 x 107! min™. 

11. To study the dissociation of oxalic acid in concentrated sul- 
phuric acid at 323 K there was prepared a 1/40 M solution of oxalic 
acid in 99.5% sulphuric acid. The mixture was sampled at time 


Vicm? 


25 


10 40 t,min 0 10 30 ¢t,min 


Fig. 41. Amount of potassium permanganate spent in titration versus reaction 
time 


intervals f, and the volume V of the potassium permanganate solution 
necessary for titration of 10 ml H,C,O, was determined: 


?, min 0 120 240 420 600 900 1440 
V, ml 11.45 9.63 8.44 6.22 4.79 2.97 1.44 


Determine the order of the reaction and its rate constant. 
Solution. Assume that the reaction is of the first order: 


1 4 _ 2.303 14.45 
k=—In—, k=-—35— log 5-63 = 0.00144 


k = 0.00144, 0.00144, 0.00145, 0.00145, 0.00150, 0.00140 


The mean value of & is 0.00145 min“. 

12. To study the interaction between ions Br~ and CIO~, ClO~ + 
Br- > BrO- + Cl-, at 298 K, 100 ml of 0.4 N NaClO were mixed 
with 48 ml of 0.5 NV NaOH and 21 ml of distilled water. Added to 
the mixture were 81 ml of a 1% potassium bromide solution. The 
mixture was sampled at time intervals ¢ for determination of the 
BrO~- content with the following results: 


‘ 


t, min 03.56 7.65 15.05 26.00 47.60 90.60 
BrO- concentration xX QO 0.0560 0.0953 0.1420 0.1800 0.2117 0.2360 
10-2 mole/litre 
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The NaClO and KBr concentrations in the reaction mixture at 
t = 0 were 0.003230 and 0.002508 mole/litre, respectively, the pH 
of the solution being 11.28. Determine the order of the reaction and 
its rate constant. 
Solution. Assume that the reaction is of the second order: 
__ 2.8038 b(a—z 
| ta—b) log ———_ a(b— a(b—z) » a= [NaClO}], =: 0.003230 
b= [KBr], = 0.002508, a—b=0.000722 


2.303 Jog -22508.x 10-8 (0.003230 — 0.000560) 
356X722 1074 98 3.230 x 10-5 (0.002508 — 0.000560) 


= 23.42 litre mole! min™ 
k = 23.42, 23.30, 23.52, 23.90, 23.80, 23.80 


The mean value of & is 23.62 litre mole~! min-!. As can be inferred 
from calculation of the constants k, the reaction is of the second 
order. 

13. To study the kinetics of the reaction 


k= 


H,C—CH,+H,O —> H,C—CH, 
SF | 
HO OH 
a solution was prepared with the following initial concentrations 
of the components: 0.007574 mole/litre of perchloric acid and 
0.142 mole/litre of ethylene oxide. The course of the reaction was 


monitored dilatometrically (by measuring the volume of the solution 
as a function of time). At 293 K, the following results were obtained: 


¢, min v 30 60 135 300 00 
Dilatometer reading 18.48 18.05 17.62 16.71 15.22 12.29 


Determine the order of the reaction with respect to ethylene and 
its rate constant. 
Solution. Assume that the reaction is of the first order: 


a = 18.48 — 12.29 =6.19 
a— xz = 18.05 — 12.29 = 5.76 


—_ —_ lo a 2.303 6.19 -- 2.40 x 40-3 min7! 


a—xz 30 log saR 5.76 


k= 2.40, 2.46, 2.49, 2.49, the mean value being 2.46 x 1073 min 
Consequently, the reaction is of the first order. 
14. The reaction between bromine and ethanol was conducted 
under the following conditions: 
t, min 0 4 
c:;, mole/litre 0.00814 0.00610 
ce, mole/litre 0.00424 0.00344 
Determine the order of the reaction. 


258 
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Solution. Determine the reaction order according to the equation 
_ log (Ac,/At) — log Aca/At) 
i log C= log Co 


Substitute the corresponding values. Since = = wis the mean reac- 


tion rate,c, and c, must also be expressed in terms of mean values: 
= ——e—esvvv -- ().00712 


0.00814 —0.00610 0.00424 — 0.00314 
log ——_-—_—_—_—__ — log ————_-__- 


4 4 
= log 0.00712 — log 0.00369 =0.91 ~ 1 
Hence, the reaction is of the first order. 

15. Calculate the order of the reaction step determining the rate 
of pyrolysis of diborane B,H, (g) at 373 K, proceeding from the 
following system pressure increase rates as a function of diborane 
concentration: 

Chon, * 102, mole/litre 2.153 0.433 


Pressure increase rate xX 1.4 0.73 
104, mole/litre h 


Solution. Write the following for an nth-order reaction: 


d de 
— Fx ke”, log (— =] =logk+nloge 


Hence, 
__ log (—de/dt), — log (— de/dt), 
> log cy — log Co 


The pressure increase rate is proportional to Then 


log 7.4— log 0.73 
log 2.153 — log 0.433 


16. Equivalent amounts of iodine and sodium phenylpropylate, 
C,H,C==CCOONAa, react at 298 K according to the equation 


C.H,C = CCOONa+1, > CgH,IC =CICOONa 


The course of the reaction was monitored by periodic titration 
of iodine with a sodium hyposulphite solution to determine the 
decrease in the iodine concentration. 

Two runs were conducted with the following results: 


Run 14 Run 2 
Time, s 0 29 0 34 .5 
Amount of Na,S,O, spent intit- 24.96 8.32 21.00 7.00 
ration of 250-cm? 
samples, cm? 


=. 
eee — 3 
n= — 1.442 3 
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Determine the order of the reaction and its rate constant. 

Solution. Since the reaction involved equivalent amounts of the 
initial substances and the iodine concentration had decreased exactly 
three-fold by the end of the two runs, the order of this reaction can be 
determined by the Ostwald-Noyes method: 


ioe log (t2/t3) 
log (c',/c’s) 


Substitution of numerical values into this equation gives 


= log (34 .5/29) 0.0754 
Me = “Tog (24.96 X 10~°/21.00 x 10-9) Bal oes 0.0754. D071 1 1 


Thus, the reaction between iodine and sodium phenylpropylate 
is of the second order. Calculate the rate constant of this reaction 
using Eq. (21.20). 

For the first run, 


4 16.64 x 10-8 2 - 
Is = Dy BE96 X10 KBD X10 2 18S x 10 


For the second experiment, 


1 14 x 1078 ~3 
ke = 34.5 24.00 x 407% & 7. 00 x 10-8 = 2.764 x 107° 
The above results corroborate the order of the reaction in view 
of the complete coincidence of the rate constants. 


Problems 


1. The concentration of tritium atoms in air is about 5 x 10°) mole/ 
litre. The half-life of tritium is nearly 12 years. How many years 
will it take for the dissociation of the tritium present in air to be 
90% complete? Ignore the replenishment of tritium in air as a result 
of synthetic reactions. 

2. A solution (20%) of cane sugar with clockwise rotation of the 
polarization plane through 34.50° is inverted in 0.5 N lactic acid 
at 298 K. After 1435 min, the rotation of the solution reaches 
+31.10°, after 11 360 min it reaches +13.98°, and, finally, after 
the inversion is complete, the rotation angle becomes ~—10.77°. 
The cane sugar solution rotates the polarization plane to the right, 
and the mixture of inversion products rotates it to the left. In both 
cases, the rotation angle is proportional to the concentration of the 
solutes. The reaction is of the first order. Calculate the inversion 
rate constant and determine the time it will take the inversion of 
sugar to be 90% complete. 

3. The dissociation of hydrogen peroxide in an aqueous solution 
is 2H,O, ~2H,O + QO,. The kinetics of this reaction was studied 
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by titration of samples of equal volumes with potassium permanga- 
nate. Determine the order of the reaction by all possible methods 
and calculate the mean value of its rate constant, proceeding from 
the following data: 


Elapsed time, min 0 D 10 15 20 30 40 
Amount of 0.0015M 23.6 48.4 14.8 12.1 9.4 5 .8 3.7 
KMnOQ, spent in tit- 
ration of 2-cm? sam- 
ples, cm? 


4. When heated, a solution of dibromo-succinic acid dissociates 
into bromo-maleic acid and HBr according to the equation 


COOH — CHBr —CHBr—COOH — COOHCH —CBrCOQOH-+ HBr 


When the solution was titrated with a standard alkali solution, 
after ¢ min the titre throughout the volume of the solution changed 
as follows: 


¢, min ) 214 380 
Valk, cm® 12.114 12.44 12.68 


Calculate the rate constant of the reaction. How long will it take 
for one third of dibromo-succinic acid to dissociate? 

'9. Determine the order of the reaction Ag) — Beg) + Gg) + 
Dig) from the pressure changes in the course of the reaction. Galculate 
the mean reaction rate constant (V = const, 298 K) if 


t, min 0 6.5 13.0 19.9 - 
P X 10-°, Pa 41.6 54.5 63.7 74.2 


6. A bimolecular reaction with cg = cg is 25% complete within 
10 min. How long will it take for the reaction to be 50% complete 
at the same temperature? 

7. The rate constant of the recombination of ions H+ and PhG- 
(pheny! glycinate) in an HPhG molecule at 298 K is & = 1011-5 s-1 
mole? litre. Calculate the time period within which the reaction 
is 99.999% complete if the concentrations of the ions are [H+] = 
[PhG-] = 0.001 mole/litre. 

8. The rate of oxidation of butanol with hypochlorous acid is 
independent of the concentration of the former and proportional 
to the squared concentration of the latter. Calculate the time it 
will take for the oxidation of butanol with hypochlorous acid to be 
90% complete in a solution containing 0.1 mole/litre HClO and 
1 mole/litre of the alcohol at 298.2 K. The reaction rate constant is 
24 min~! mole-' litre at 298.2 K. 
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9. The rate constant of the reaction 


CH,COOC,H, NaOH -+ CH,COONa-+ C,H,OH 


is 5.4 min-! mole-! litre. Calculate the percentage of the ester that 
will react within 10 min if (a) the initial concentrations of the alkali 
and ester are 0.02 mole/litre and (b) the alkali concentration is 
0.02 mole/litre and that of the ester, 0.01 mole/litre. 

10. At a given temperature, a 0.01 NW solution of ethy] acetate is 
saponified with 0.002 N NaOH within 23 min, the degree of saponifica- 
tion being 10%. How many minutes will it take for the acetic 
ester solution to be saponified to the same degree with 0.005 N 
NaOH if the ester saponification reaction is of the second order and 
the alkalis disseciate completely? 

11. Calculate the rate constant (cm* mole“ s-!, litre mole s~', 
and litre mole~! min~'), if the rate of a second-order reaction is 
4.5 xX 10-7 mole cm~* s-!, the concentration of one reactant being 
1.5 <x 10-2 mole/litre and that of the other, 2.5 x 10-7? mole/litre. 

12. The rate of a dissociation reaction (A — product) obeys the 
second-order equation —d{A] di= k[A]*. The concentration of 
substance A varied in the course of time as follows: 


t (+1), s 0 200 400 600 800 
A (+1%), mg/em®? 16.4 15.0 13.4 12.8 44.5 


Calculate, for each pair of points, the rate constant of the second- 
order reaction and evaluate the accuracy of each calculation. In 
which case is the accuracy minimum and in which Case is it maximum? 

13. The reaction of formaldehyde with hydrogen peroxide yields 
formic acid (second-order reaction): HCHO + H,O, = HCOOH + 
H,O. If equal volumes of molar solutions of H,O, and HCHO are 
mixed, two hours later, at 333.2 K, the concentration of formic 
acid becomes 0.215 mole/litre. Calculate the rate constant of the 
reaction and determine the time it will take for the reaction to be 
90% complete. How much time will it take to achieve the same 
degree of conversion if the initial solutions of H,O, and HCHO are 
diluted ten-fold and mixed. 

14. The dimerization of butadiene in the gas phase is a second- 
order reaction with respect to butadiene. The kinetics of this process 
can be studied by measuring the pressure of the reacting system at 
definite time intervals with the volume remaining invariable. The 
following were the results of an experiment with the reaction 


CH, —CH,—CH, 
Fe | 
N 
CH, —CH 
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at o99.2 K: 
t, min 0) 3.20 6.12 10.08 14.30 20.78 
P X 107°, Pa 84 .2 82 .4 80.9 78.9 76.8 74 .2 
t, min 29.18 36 .38 49 .50 60.87 68.05 77.57 
P X 107%, Pa 71 .4 69.5 66 .4 64 .4 63 .3 62 .0 
¢, min $0.05 103.58 119.00 135.72 


P Xx 10-%, Pa 60.4 99 .0 of .7 o6 .4 


Calculate the rate constant graphically and analytically. 

15. The oxidation of FeCl, with KCI1Q, in the presence of HCl 
is a third-order reaction. If time is given in minutes and the con- 
centration in mole/litre, the rate constant of this reaction approxi- 
mately equals unity. Calculate the concentration of FeCl, one and 
a half hours after the onset of the reaction if the initial concentrations 
of all reactants are 0.2 mole/litre. 

16. Substance A is mixed in equal amounts with substances B 
and C,c, = 1 mole/litre. After 1000 s half of substance A has reacted. 
Determine the amount of substance A remaining after 2000 s if the 
reaction is of (a) the first order, (b) the second order, (c) the third 
order, and (d) the zeroth order. How much of the substance will 
react within 1000 s in all cases if the reaction rate constant is 
ae © 

17. Phenyl diazochloride dissociates as follows: 


C.H,N,Cl =C,H,Cl-+ Ny 


The following results were obtained at 323 K and an initial con- 
centration of 10 g/litre: 


Time, min 6 9 12 14 18 22 24 26 £30 ora 
N. yield, cm? 19.3 26.0 32.6 36.0 41.3 45.0 46.5 48.3 50.4 58.3 


Process the above data by the differential and integral methods 
and determine the order of the reaction and its rate constant. 

18. The reaction of ammonia dissociation on a hot tungsten wire 
proceeds according to the stoichiometric equation 2NH, = N, + 
oH,. The pressure increased as follows at different points in time 
during the reaction: 


Thime, s 100 200 400 600 800 1000 
Pressure increase, Pa 1466.3 2945.9 5865.2 8837.8 11717.0 14 663.0 


Plot these results and determine the order of the reaction. If the 
initial pressure was 200 mm Hg, calculate the rate constant (ex press- 
ing concentrations in terms of pressure in pascals) and indicate its 
dimension. 

19. The kinetics of catalytic dissociation of ammonia into simple 
substances was studied at 1373 K. The time necessary for dissociation 
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of half the entire amount of ammonia (nitrogen and hydrogen being 
absent at first) depends as follows on the initial ammonia pressure: 


P, mm Hg 265 130 08 
ti/o, min 7.6 3d 1.7 


Determine the order of the reaction and its rate constant. 

20. Determine the order of the reaction 2CO = CO, + C at 
583.2 K if the pressure decreased within 30 minutes from 1.049 x 10° 
to 0.924 « 10° Pa, then, within the same time interval, from 0.714 x 
10° to 0.624 x 10° Pa (V = const). 

21. The total pressure of the system decreased as follows during 
the reaction between equivalent amounts of carbon monoxide and 
chlorine according to the equation CO + Cl, +COCI, at 300 K in 
the presence of a catalyst: 


ft, min 0 4) 10 15 21 
PX 107, Pa 0.965 0.900 0.829 0.779 0.735 


Determine the order of the reaction (V = const). 

22. Determine the order of the reaction in which para-hydrogen 
is converted into ortho-hydrogen at 923 K, proceeding from the follow- 
ing relationships between the half-time of conversion and pressure: 


P x 10-5, Pa 0.067 0.133 0.267 0.533 
tries 8 648 450 348 222 


23. Determine the order of the ethylene oxide dissociation reaction 
CH, — CH, (g) = CH, ig) + CO cg) 
NF 


and calculate the rate constant (V = const) if the total pressure of 
the reaction mixture at 687.7 'K varies as follows in the course of 
time: 

t, min 0 4 7 9 42 18 

P X 10-°, Pa 0.1455 0.163 0.168 0.172 0.178 0.188 


24. The following data have been obtained for the rate of inversion 
of cane sugar in the presence of hydrochloric acid: 


Time, s 0 1035 3113: 4857 9231 12 834 18 520 26320 32 640 76 969 
Rotation 11.20 10.35 8.87 7.645.19 3.64 1.60 —0.16 —1.10—3.26—3 .37 
angle 
a, deg 


Determine the order and rate constant of the reaction. 
20. At 083.2 K, AsHy,) dissociates into solid arsenic and gaseous 
hydrogen. The pressure varied as follows during the reaction (the 
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arsenic vapour pressure is ignored): 
t, h 0 D0 6.5 8 
P x 10-5, Pa 0.978 1.074 1.091 1.114 


Determine the order of the AsHy,) dissociation reaction and cal- 
culate its rate constant (V = const). 
26. Monochloroacetic acid reacts with water (present in excess 
amount) at 298 K as follows: 
CH,CICOOH +-H,0 = CH,(OH)COOH+ HCl 


The course of the reaction was monitored by taking samples which 
were titrated with an alkali. The results of titration of the samples 
of equal size with an alkali solution are as follows: 


Time, min 0 600 780 82070 
Amount of alkali, cm? 12.9 15.8 16.4 20.5 


Determine the order of the reaction, calculate its rate constant and 
the time necessary for all three acids to be present in equivalent 
amounts. 
27. Methyl] acetate undergoes hydrolysis: 
CH,COOCH, + H,0 = CH,COOH-++ CH,OH 


The kinetics of this reaction was studied by titration of samples of 
the reaction mixture, taken in equal amounts, with an alkali. 
Determine the order of the reaction by all possible methods and 
calculate the mean value of its rate constant, proceeding from the 
following data: 
Elapsed time, min 0 30 60 90 {20 150 
Amount of 0.05 N al- 12.70 13.81 16.73 15.52 16 .80 20 .22 

kali solution spent in 

titration of 2-cm? 

sample, cm® 


28. The reduction of nitrogen(I1) oxide with hydrogen at 298 K 
proceeds according to the stoichiometric equation 
2NO+2H, — N.+2H.0 


If the initial gases are taken in equivalent amounts at 0.454 x 
10° Pa, their pressure is reduced by one half within 102 s, and if 
the initial pressure was 0.384 x 10° Pa, it becomes half as high 
within 140 s. Determine the order of the reaction (V = const) proceed- 
ing from the relationship between the half-life of the initial substance 
and the initial concentration. 

29. Methyl acetate is saponified with an alkali at 298 K in the 
reaction 

CH,COOCH, + NaOH = CH,COONa+ CH,OH 


The following are the results of studying this reaction: 


t, min 3 7) 7 10 15 29 
CNaOH, g-equiv/litre 0.00740 0.00634 0.00550 0.00464 0.00363 0.00254 
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The initial concentrations of the alkali and ester are the same and 
equal to 0.01 g-equiv/litre. Determine the order of ester saponification 
reaction and calculate the mean value of its rate constant. 

30. Ethyl acetate is saponified with an alkali at 298 K by the 
reaction 

CH,COOC,H, -++ NaOH = CH,;COONa-+ C,H,OH 
The kinetics of this reaction was studied by titration of equally 
sized samples of the mixture with an acid. Determine the order 
of the reaction by all possible methods and calculate the mean value 
of its rate constant, proceeding from the data: 
Time, min 0 4.9 10 .4 28 .2 ore 
Amount of 0.01 N HCl 61.95 50.59 42.40 29.35 14.9 
spent in titration of 0.1- 
cm sample, cm® 

31. As the initial concentration increases from 0.502 to 1.007 mole/ 
litre in a reaction, the half-life decreases from 51 to 26 s. Calculate 
the order of this reaction and its rate constant. 

32. Nitrogen pentoxide dissociates as follows: N,O0, > 0.950, + 
N,O,. The kinetics of this process was studied by measuring the 
pressure of the reacting system at definite time intervals (V = const) 
with the following results at 328.1 K: 


Time, min 3 4 5 6 7 8 9 10 12 

Pressure increase 8.7 12.7 15.5 18.4 20.4 22.4 24.4 26.3 29.1 
xX 10-3, Pa 

Time, min 14 16 18 22 26 30 38 


Pressure increase X 10-3, Pa 31.4 33.6 35.5 38.5 39.9 41.2 42.6 


Calculate the order of this reaction, the mean value of its rate con- 
Stant, and the half-life of nitrogen pentoxide. 

33. The rate constant of a reaction whose order is 3/2 at 303 K 
is 3.0 x 10~-° litre!/? mole~!/? s~'. Determine the rate constant in (a) 
(cm*)!/? mole’/? min~? and (b) (cm*)¥? molecule 1/2 s~}. Calculate 
the initial rate at which the substance is spent and its half-life (s) 
for the initial concentration c, = 0.042 mole/litre of this substance. 
Determine the time it takes for the reactant concentration to reach 
0.002 mole/litre. 

34. The order of the reaction in which a gas dissociates is 3/2. 
At the beginning of the experiment, the gas concentration was 
0.2 X 10-4 mole/litre. What will be the dimensions of the rate 
constant if the dissociation of the gas is 55% complete within 
20 min? 

Multivariant Problem 


Determine the order and rate constant of a reaction at temperature 
I’, K, proceeding from the following data on the course of the process 
from moment ¢ onward: 


Problems and Exercises in Physical Chemistry 


Reaction | Es Reaction parameter . 
BE 
2NC], (11q) > Ne-+3Cle a 298 .2 
a—volume of Ngx10-*, m%; Cl, is 4 10 
absorbed 6 13 
22 26 
0° 28.5 
2HgCl, + HCOONa — Hg.C). a b 298 .2 
+ NaCl]+ HC]+ Co, 0) 0.1034 0.1734 
a—HgCl, concentration, mole/litre, 3 0.0679 — 
b —HCOONa concentration, mole/litre 0 0.0503 0.1734 
3 0.0326 
0 0.1028 1.0227 
4 — 0.9579 
C 0.1028 0.3790 
ou2 — 0.3279 
C,H;C = CCOONa-+ I, + C,H,IC a 298 .2 
= CICOONa 
The initial concentrations are equi- 0 24.29 
valent: a—amount of 0.1 V Na,S.0, 29 8.32 
spent in the titration of a 25 x 10-?- 0 | 24 
m* sample, cm 34.9 7 
Ru — RaA a 293.2 
a—volume of gaseous Ra x 107°, m3 0 0.102 
70 0.062 
110 0.044 
140 0.033 
165 0.025 
200 0.019 
250 0.016 
360 0.007 
450 0.003 
600 0.002 
750 0.000 
2C,H.OH +- 2Br, - CH,;COOC,H, a 298 .2 
+4HBr 
The alcohol is taken in a large 0 4.24 
amount. 4 3.14 
a— bromine concentration x 103, 6 2.49 
mole/litre 10 2.24 
15 1.78 
0 8.14 
4 6.10 
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(Table continued) 


EF Reaction E z Reaction parameter : 
10 4.49 
15 3.73 
6 | 2H.0. = 0, + 2H,0 a 303.2 
In an aqueous solution: Q 23.89 
a—amount of KMnO, spent in the 11.5 19.30 
titration of a sample x 10~*, m? 27.4 14.50 
42.5 {0,95 
7 K.5,0,-+- 2K 1 — 2K 280, ++ I, a 298 .2 
a—amount of 0.01 N Na,.S.0, 9 4.52 
spent in the titration of a 25 16 7.80 
< 10-§-m? sample, cm? 32 14.19 
ere) 20.05 
8 | A N.O,; solution in CCl, dissociates a 313.2 
releasing Oz 20 11.4 
a—O, volume, cm3 40 19.9 
60 23.9 
80) Zhao 
100 29.5 
oO 34.79 
9 | H,O, dissociates in the presence of a 303.2 
colloidal platinum, releasing O, 10 aid 
30 8.4 
a—QO,. volume, cm? ore 15.6 
10 ) CH,COOC,H; + NaOH = CH,COONa a—x b--x | 291.2 
+ C,H.OH 
a and b—initial concentrations of 9) 0.00980 0.00486 
CH,COOC,H; and NaOH, mole/litre: | 4178 0.00892 0.00398 
x— decrease in the amount of initial | 273 0.00864 0.00370 
substances, mole/litre 531 0.00792 0.00297 
866 0.00724 0.00230 
1510 0.00646 0.00151 
1918 0.00603 0.00109 
2401 0.00574 0.00080 
44 CyeHe2011 + H.O = CgH 120, + CoHy120¢ Cy/c 298 .2 
c—current sugar concentration, 0) 4 
mole/litre; 1435 1.081 
Cy—~ initial sugar concentration, 4315 1.266 
0.65 mole/litre 7070 1.464 
11360 4.830 


ne ee 
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(Table concluded) 
sas © 
ae Reaction & & Reaction parameter | T, K 
- ei 
14170 2.117 
16935 2.466 
19815 2.857 
29925 4.962 
12 | CH,COOC,H, + NaOH = CH,COONa a—~z 293.7 
+ C,H,OH 0 0.0200 
a= b— initial CH,COOC,H, and NaOH 300 0.0128 
concentrations, mole/litre; 900 0.00766 
x— decrease in the initial substance 1380 0.00540 
concentrations, mole/litre 2100 0.00426 
3300 0.00289 
7200 0.00138 
13 N,O; > N,O,+ 1/202 a 298 .2 
a—N,0O, concentration, mole/litre Q 2.33 
184 2.08 
319 1.91 
026 1.67 
867 1.36 
1198 1.11 
1877 0.72 
2315 0.55 
3144 0.34 
CHAPTER 22 


Composite Reactions 


Basic Equations and Symbols 


hy 
In the case of monomolecular reversible reactions of the A == B 


type, the differential forms of the kinetic equation are 


and 


= = ky ([A]yo — 2) — kp ([B] + 2) 


dA 


7 = A (A + Ae [B] 


Rs 


(22.1) 


(22.2) 
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At the equilibrium a) = Q and if [B] = 0 at ¢ = 0, 
[Bleg _ ky __ 
—. (22.3) 
[Bleg =[Alo— [Aleq (22.4) 
k 
[Aleg == ey [A]o (22.5) 


where [A] and [B] are the current concentrations of substances A 
and B, [A], is the concentration of A at t = 0, k, and k, are the rate 
constants of the forward and backward reactions, [A],, and [Blq 
are the concentrations of A and B in the state of equilibrium, and 
K is the equilibrium constant. 

The integral forms of the kinetic equation are 


23 key [Alp — hea [B] 
hy hp= — > log aj, 2) ha (Blea) (22.6) 


2d k, {|A\,—ke[B 
y+ hy = log (22.6a) 
If {[B], = 0 at t=O, 
2.3 
t 


k, +h, = — log 


[A]Jo—[Aleq 
[A]—[Al]eq 


For monomolecular parallel reactions of the 
2 ey) oa 
"1 orB (1) 


oe 
Re ™C (2) 


(22.7) 


type, the differential forms of the kinetic equation are 


= hat hs) (Alo— 21) (22.8) 
— SAL = (ky + he) (Al (22.9) 


The integral forms of the kinetic equation are 


2.3 


_ 2.3 [A] 
hy + hy = —— log A] (22.11) 
where k, and &, are the rate constants of the first and second reactions. 
The rate constants of individual steps of reactions of the above type 
are determined from the relation 


L/L — ky/k, (22.12) 
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where z, and zx, stand for the numbers of moles of substances B and C 
formed by instant ¢ or the increase in the concentrations of these 
substances. The current concentration of the initial substance is 


For monomolecular — reactions of the 


[A] —* [B] — [C] 


type, the differential forms of the kinetic equation are 


F = ky ([Alo—2) (22.13) 

—— =k, ({A]>— 2) —ky (a —y) (22.14) 
_ ad = —k, [A] (22.45) 

A) a ee | (22.16) 

= ky [BI (22.17) 


Fig. 42. Concentrations of initial 

substance A, intermediate B, and 

reaction product C versus duration 

of the consecutive first-order reac- 
tion 


The integral forms of the kinetic equation are 


nares = — e-hit (22.18) 
xL— ae a “a ies ia (22.19) 
y=(Ab(4—-z—> em Ah eo hat) (22.20) 
[A] = [A], e> #1! (22.21) 

oats h -h 
ee ee (22.22) 


[C] = Aly [A] —[B] (22.23) 
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where [A], [B], and [C] are the current concentrations of substances 
A. B, and C; {A], is the concentration of substance A at ¢ = 0; 
ky and k, are the rate constants of the first and second reactions: 
[A] = ([A], — zx); IB] = z—y; [C] = y. 

Corresponding to the maximum on the [B] = f (¢) curve (Fig. 42) 
are the equations 


d [B] _ 
(— } a =O (22.24) 
[B}max _ A 
{A]max ko (22.25) 
2.3 (log ky — log k 
eo Oe (22.26) 


in which ¢,,,x is the time corresponding to the maximum concen- 
tration of substance B. 


Exercises 


1. y-Hydroxybutyric acid dissociates into lactone and water in 
an aqueous solution at 293 K, in the presence of acids (such as HCI), 
according to the equation 


CH,(OH)CH,CH,COOH = CH,CH,CH,CO + H,0 
O — 


A (0.176 N solution of y-hydroxybutyric acid was prepared. At the 
beginning of the experiment, 18.23 cm® of 0.4 N Ba(OQH), was used 
per 10 cm? of the acid during titration with phenolphthalein, after 
241 minutes 15.84 cm®* of barium hydrate was used for the same 
amount of the acid, and after 45 hours, 4.95 cm®. The latter amount 
of barium hydrate remains the same throughout the subsequent 
repeated titration. How much time must elapse since the beginning 
of the experiment for 6.67 cm® of barium hydrate to be spent in the 
titration of the acid? 

Solution. Denote the initial concentration of the acid by a, the 
initial concentration of lactone by a’, and the amount of lactone 
formed within the time interval ¢ by x. Then, 


ax 
dt 


=k, (a—2z) — ky (a’ — 2) 


where #, and sé, are the reaction rate constants; 


ax 
(kya — kya") — (ky + kg) © 


In ((k,a — kya’) — (k, + ke) 4] = t+ const 


= dt 


{ 
ky+ke 


26-0878 
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At the onset of the reaction, t = 0 and x = QO, hence, 
f 


const = is In (k,a— kea’) 
— 1 kya — kya’ 
Vy Ma) = In (ya — ka’) — (21 + keg) (1) 


Multiplication of the numerator and denominator of Eq. (1) by ks, 
transformation of In into log, and substitution of the equilibrium 
constant K, for k,/k, give 


ky-t ke = 41 log K,.a—a’ 


2.303 t (K.a—a’)—U-+K,) 2 


The quantity (4, + &,)/2.303 must be constant at a given temperature 
throughout the reaction. Since a’ = QO, 


ky-+ke a, 008 Kya 
2.303 = t log K,a—(itK,)z (2) 


Express the initial concentration a of the acid in cubic centimetres 
of the barium hydroxide solution. Then a = 18.23 cm}; the amount 
of the lactone z formed within ¢ = 21 min, also expressed in cubic 
centimetres of the barium hydroxide solution, will be x = 18.23 — 
15.84 = 2.39 cm’. 


In order to calculate sa a 


7303 ° determine the equilibrium constant 


Determine\ the concentration of lactone 


Clactone 
Cy-hydroxybutyric acid 
from the difference between the amounts of barium hydroxide 
solution spent in the titration of y-hydroxybutyric acid at the begin- 
ning of the reaction and after equilibrium is reached. Determine the 
concentration of y-hydroxybutyric acid from the amount of barium 
hydroxide solution spent in the titration of the same quantity of 
the solution upon reaching equilibrium. Consequently, 


c 


_ (18.283—4.95) 13.28 
Ke= 4.95 = P95 = 2:68 


Substitution of the values of K,, t, a, and z into Eq. (2) gives 


kythe 
2.303 


‘ 2.68 X 18.23 _ 
a log 2.68 X 18.23 —(1-+ 2.68) 2.39 = 0.0041 

K, and a remain invariable throughout the reaction, while z changes: 
x = 18.23 — 6.67 = 11.56 and, consequently, 


2.68 X 18.23 


{ 
t= oar 1°8 S-a8x 18.23 — 2.68) 11.56 


— 217 min 
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2. The reaction of dissociation of isopropanol in the presence of 
the vanadium trioxide catalyst at 588 K is 


C,H,gC + He 
C,H.OH + C,H, -+-H,0 
N CgHs +02 
The concentrations of the substances involved in the reaction, mea- 
sured at 4.3 s intervals after the experiment began, are as follows 
(mmoles): Cc,H,OH = 27.4, CCoxH,O — 7.0, CCsHg — 8.1, and Cc,H, = 
1.7. Determine the rate constant of each reaction if only C;,H,OH 


was present initially in the system. 
Solution. Determine the initial quantity of C,H,OH: 


[A)> =e, +ep +e, te, = 27.4 47.5 4+ 8.1 + 1.7 
= 44.7 mmole/litre 


Calculate the sum of the reaction rate constants: 


dx dz, dx» AX, 
a an a a 


= (Ay + ke + kg) ([A]y— 2) 
(ke, + hey + kes) = — In (Alo _ 


[A],—<z 

28 44.7 v 

2) k= == log a7 4 =Q.1415 5 

Determine the rate constant (s~1) of each reaction: 

Gly _ zy ky 

ad key ([A]o x), 7a 
az x ke 

7 ae, oe 


dz, 


Te = hs ((Alo— 2), By = Dy k— (ha + fey) 


ay Dyk (ahs) 7.5 0.415 —Ueg + he) 
Lo _ Ko : 8.4 _ to 
7.5ity = 0.935 — 8. 1k, — 8. 1k, 


10.64, = 0.935 — 8.1k,, 7 amt 


Since Z2/r3 = k,/k3, then 


8.1  0.935—8.1k, 


1.7 15 6k, 
26* 
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74.3k, = 0.935 ~8.1k3, 82.4k,= 0.935, k,= 1.135 x 10 


0.935 —0.01135 x 8.1 0.935 — 0.092 0.843 2 he 
a ee ee 
fr, = 0.415 — 1.135 x 1072 5.42 x 102° = 4.95 x 107 s* 


3. A consecutive first-order reaction proceeds as follows: 


hy he 
A—- P—~B 


At 298 K, the specific rates of the reaction are k, = 0.1 h7! and 
k, = 0.05 h7!, the initial concentration of A being [A], = 1 mole/ 
litre. Calculate (a) the coordinates of the maximum on the [P] = 
f (t) curve, (b) the time it takes for the concentration of A to become 
[A] < 0.001 mole/litre and the duration ta, of the reaction A —P, 
(c) the concentrations [P] and [B] at the instant the reaction A — P 
is complete, (d) the time it takes for the concentration of B to become 
equal to 0.01 mole/litre and the duration of the induction period 
ting, (e) the coordinates of the inflection point on the [B] = f (t) curve 
and (f) the point of intersection of the [A] = f (t) and [P] = f (t) 
curves. Use the results to plot [B] = f (2). 

Solution. Calculate the time at which the concentration of the 
intermediate product will be maximum: 

— Inkea—Ink, _ 2.303—2.997 © 


tnax at ko —hky sa __ 0 05. =—— 13.86 h 


Denote the concentration of A at tmax by [A]lmax. Then, 
[Almax = [Aly e7*t? = e70-1<18.86 — 0.249 mole/litre 


and the maximum concentration of the intermediate product will be 
[Plmax = (ky/k.) [Almax = (0.1/0.05) 0.249 = 0.498 mole/litre 


Assume that [A], = 0.001 mole/litre, then 0.001 = [A], e~ "A; 
0.001=e ""'A; t,=69h 
Calculate the concentration of P at t = 69 h: 


_ [Alo k1 —-kit__p-hkat 
[P|] = ko —ky (e € a) 
0.4 

~ 0.1—0.05 


Calculate the concentration of [B] after 69 hours: 
[B] = [A], ~ [P] — [A] = 1 — 0.061 — 0.001 = 0.938 
mole/litre 


[P] (e—0-1x69 _ g—0.05x69) — 2.061 mole/litre 
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Calculate the time t,,4 within which the concentration of (B] becomes 
0.01 mole/litre, using the equation 


([B] =[Alo[ £ + AG (ge Mtn — eye "tina | 


[B] = 1 — = (0.05¢~" find — 0. 4¢7 9 94ina) 
0.990 x 0.05 = 0.05e7 9! find — 0,1¢e7 °°? ting (1) 


Solve Eq. (1) with respect to fy,q by the selection method: 


lind; h 1 Z Deo 3 4 
[B], mole/litre 0.000 0.008 0.014 0.048 0.032 


Assume that t,,g = 2 h. To find the inflection of the [B] = f (t) 
d*(B] 


=2 — 0. Differentiation and transfor- 


curve use the condition 


mation of the equation 


{ 
ky — ke 


[B]=[Alo| 1 + (kige-Pt — kye~*at) | (2) 


give the following expression for the point of inflection: 


—Ryt; —hkot; ~O.1%; ~0.05¢; 
k,e infl _ foe 2tinfl _ or Pe 0 finfl__ 0.05tinf __ 


where tinn is the coordinate of the inflection point, which is found 
by the method of selection of induction period values: tj,g = 9, 19, 
10, 20 h. Plot z = f (2) 


x = 2e-9-1! __ e905! hence, x = 0.00 at t = 13.6 h 


Find the concentration [B] at the inflection point using Eq. (2): 
[B] = 0.243 mole/litre. 


Problems 


1. The conversion of ammonium thiocyanide NH,CNS into thiourea 
(NH,),.CS is a reversible monomolecular reaction. Calculate the 
rate constants of the forward and backward reactions, proceeding 
from the following data: 


Time, min v 19 38_ 48 60 
Amount of reacted NH,CNS, % 2.0 6.9 10.4 12.3 13.6 


Once the state of equilibrium was reached, the concentration of 
thiourea became 23.2%. 
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2. During mixing a solution contained 73.2% ethanol, 0.677 mole 
HCOOH, and 0.0261% HCl (water is disregarded). To study the 
formate formation reaction at 298 K, 5-ml samples were taken at 
different points in time for titration with Ba(QH), with the follow- 
ing results: 


t, min 0 S10) 100 4160 290 00 
V, mi 43.52 40.40 37.79 3D .10 31.09 24.28 


Calculate the constants of formation (k,) and dissociation (k,) 
of ethy!| formate in this solution as well as the equilibrium constant 
K of the reversible reaction if the concentrations of water, ethanol, 
and hydrogen ions are constant. 

3. Ethyl formate forms at 303 K in the following first-order reac- 
tion 


0 O 
4 
HC” + (H,O = H,O+HC” 
NOH NO — C.H, 


The experimental results are as follows: 


Time, min 0 1700 1000 14000 20000 40000 
Current acid con- 29.44 28.59 24.77 23 .05 21 .28 16 .80 
centration, cm? 


The acid concentration was determined by titration. The rate 
constant of the backward reaction is k, = 1.15 x 10-° min=!. The 
initial concentration of the forward reaction product is 0. Determine 
the rate constant of the forward reaction. 

4. The reaction 


CH, = C — CH —= COOC,H, —> CH, — C oT CH, aw COOC,H; 
| I 
OH 


proceeds at 300 K with the following parameters: 


Time, min 0 4.25 6 .50 9.47 42.0 44.47 

Refractive index of the 1.4450 1.4440 1.4430 1.4420 1.4410 1.4400 
system 

Enol form, % 88 84 80 76 3 72.5 69 

Time, min 17.5 20.83 24.25 27.5 O10 90 

Refractive index of the 1.4390 1.4380 1.4370 .1.43860 1.4350 1.4230 
system 

Enol form, % 65 61 57 o3 49 Z 
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Demonstrate that the conversion of the enol form into the ketone 
one is a reversible monomolecular reaction. Calculate the rate 
constants of the forward and backward reactions. 

5. The reaction between methyl iodide and a solution of dimethyl 
para-toluidine in nitrobenzene, 


H,C,H,c CH, 
i 
CH;C,H,N(CHg). —+- CH,I = # Ts CH, 
1 CH, 


is characterized by the following parameters: 


t, min 10.2 26.5 36.0 78.0 
z/ty 0.175 0.343 0.402 0.523 


The equilibrium constant of the reaction is 69.8. The initial con- 
centrations of both reactants are 0.05 mole/litre, and the reaction 
product is abstracted in the course of the reaction. Determine the 
type of kinetic equation to be used to describe the kinetic curve 
and calculate the rate constant of the reaction. 

6. The reactions 


ki 
——> CIC,H,OH+HCI (1) 
CoH, + HCI +HClo — 


ie C,H,Cl, -{- HO (2) 


proceed simultaneously at temperature 7. Calculate the rate con- 
stant of eachreactionif k,/k, = 0.0314 and the concentrations (mole/ 


litre) measured in one of the experiments over a period of 240 min 
are as follows: 


beginning end 

of experiment 
[HCIO] x 10%, mole/litre 8 .675 3.695 
[HCl] x 103, mole/litre 0.612 0.532 


Ethylene is taken in an excess amount. 

7. Thermal cracking of crude oil is a consecutive reaction, the 
intermediate product being petrol which dissociates into gaseous 
substances. Determine the maximum concentration of petrol and 
the time it takes to attain this concentration during cracking of 
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1 tonne of oil if the petrol formation rate constant at 673 K is 4, = 
0.283 h-! and that of petro! dissociation is &, = 0.102 h-. 
8. Demonstrate that for the reactions 


Act Bend AS 


the time of formation of half the amount of B (with respect to the 
amount at ¢ = oo) and that of formation of half the amount of C 
are the same although the rate constants k, and k, are different. 

9. The alkylation of isopropyl benzene with n-butylene in the 
presence of HF proceeds as follows: 


H. H 
| 
CH3;— C—CH, . CH,— C—~ CH, CH; 
| 
CH CH 
Ky i} k, 
oT er a CH > 
| | 
CH, CH; 
CH; CH —~CH, — CH; 
H 


| 
CHs—C—CH, CH, 


CH 
\ cH, —CH; 


f™N 


H3C CH,-——CH, 


A+B3C+B4D 


where A is isopropy] benzene, B is n-butylene, C is isopropyl-sec- 
butylene, and D is the end product. The ratio between the rates of 
formation of the intermediate and end products is 1.665. The current 
weight percentage of the mixture components is: A 11.7, C 68.6. 
Determine the k,/k, ratio. 

10. Determine the half-lives of RaB(Pb*) and RaC(Bi*) inter- 
linked in the genetic series 

(U1 /2)4 (T y/o 


RaB —— >» RaC —— RaC’ 
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if the concentration of the radioactive nuclei of RaB varies as fol- 
lows in the course of time: 


Number of nuclei, NRa—p 100 70 S50 34 17 0 4 2.5 
t, min 0 10 20 40 50 80 90 100 


and the instant at which the concentrations of accumulated RaC 
and RaC’ are maximum is Tmax = 30 min. (The experiment was 
carried out with pure RaB nuclei.) 

11. Plot the concentrations of A. B, and C versus time for the 
consecutive first-order reactions 
ki=0.15 $72 ho=0.1 s7l 


A B ———_—_——> C 


{2. The reaction 2A + B —-2D involves formation of the inter- 
mediate substance C in the process 


A+BC, C+A — 2D 


The two reactions are of mixed second order. Write the equation for 
substance C as a function of substance B (express the concentration 
of substance C in terms of that of B), proceeding from the boundary 
conditions c = 0 at t = OQ, and the equation for d [B]/dt, which must 
include the concentrations [A],, [B], [B],, and constants k, and kg. 

13. Calculate the steady concentration of substance C for the 
reaction 2A + B—D, comprising the steps 2A + B—C and 
C+ AD. Will this concentration coincide with the maximum 
concentration of substance C? Calculate the amount of substance B 
spent hy the time the concentration of substance C reaches 95% 
of the steady one if [A], = [B],), t = 0, and k, = 25k,. What will be 
the amount of substance D formed by that time? Determine the time 
period during which the yield of substance C will constitute 95% 
of its steady concentration if [A], = 0.02 mole/litre and A, = 
3.0 x 10°-* mole/s. 

14. Derive the kinetic equations for the reaction 


AL kg 
A B, B+Cc—+D 
ke 


Demonstrate that at high pressures the reaction may be of the 
first order and that at low pressures it may be of the second 
order. 

15. A sealed vessel having a capacity of 1 em? contains 1 g of 
radium, Determine the radon pressure at 0° C when the secular 
equilibrium is reached. 

{6. Radon decays into RaA which undergoes a-decay. Calculate 
the time period t,,,, by the end of which the accumulated amount of 


410 Problems and Exercises in Physical Chemistry 


RaA is maximum if pure radon was taken initially. Calculate the 
maximum amount (g) of RaA if the initial quantity of radon occupied 
a volume of 0.65 cm? under normal conditions. Determine the 
number of radon and RaA atoms after five hours. 

17. The radio isotope Cd!!® undergoes the following transformations: 


Ty /o=30 min Ty /g=4-d min 
Cdiis_? dt , Jyits_"? Sn tt8 (stable) 


Assuming that the preparation contained initially 0.1 g of the first 
isotope only, determine (a) the weight of the stable isotope after 
an hour and (b) the decrease in the activity of the preparation after 
an hour. 

18. The isotope Sb'** undergoes the following B-radioactive trans- 
formations: 


to72== 50 TT, /a=44 min T1/fa=54 min 
Spi34 1/2 1/2 1/2 


> Te!3¢ —" ___, ]134 __“"___, Xe134 (stable) 


Determine the relative numbers of the Te!*4 and I['** nuclei after 
an hour, assuming that the preparation contained initially only the 
first isotope. 

19. Determine the rate constants of the forward and backward 
reactions 


trans-CHCl = CHC] — cis-CHCl = CHCl 


at 573 K, proceeding from the following concentrations of trans- 
CHCI=CHCI at different points in time: 


t, 0 600 1080 
c, % 95 82.88 75.24 44.89 


Multivariant Problem 


A consecutive first-order reaction proceeds as follows: 
Ry ko 
A —->P—B 


At 298 K, the specific rate of the reaction A -—»P is #, and that 
of the reaction P -> B is k,, the initial concentration of substance A 
being [A],. Calculate (1) the coefficients of the maximum on the 
tP] = f (t) curve (maximum concentration of intermediate product 
P and the time necessary to attain this concentration), (2) the time 
t, it takes for the concentration of the initial substance to reach 
[A],, (3) the concentrations [P] and [B] at instant ¢,, (4) the time 
it takes for the concentration of the intermediate product to become 
[P],, (5) the coordinates of the point of inflection of the [B] = f (é) 
curve, and (6) the point of intersection of the [A] = f (¢) and [P] = 
f (€) curves. Use the results to plot [P] = f (t). 
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Variant 


[Aol], 
mole/titre 


[A}1, 
mole/litre 


[P]1, 
mole/litre 


kh1, min-l 


he, min-} 


er 


OmOn Dank & PY 


en on ot on 


ma me eS me HKD DPD DOE ee PD PO NS eS eS P= 


bo Ph hh 


0.004 0.04 
0.02 0.04 
0.0015 0.04 
0.002 0.04 
0.004 0.04 
0.004 0.02 
0.004 0.045 
0.004 0.042 
0.045 0.02 
0.045 0.04 
0.045 0.045 
0.045 0.012 
0.001 0.01 
0.004 0.02 
0.001 0.015 
0.004 0.04 
0.002 0.02 
0.002 0.02 
0.002 0.04 
0.002 0.01 
0.015 0.04 
0.015 0.04 
0.045 0.01 
0.045 0.04 
CHAPTER 23 


NE ee ee ee 


=" 


0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.07 
0.07 
0.07 
0.07 
0.05 
0.05 
0.05 
0.07 
0.08 
0.08 
0.08 
0.08 


Temperature Dependence of the Reaction Rate 


Basic Equations and Symbols 


The temperature dependence of the reaction rate is approximated by 


the van't Hoff rule 


Tg-T1 
10 


(23.1) 


where kp, and ky, are the rate constants at temperatures 7, and T,, 
and y is the temperature coefficient of the reaction rate constant 
(van’t Hoff’s coefficient); y = 2 to 4. 
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The temperature dependence of the reaction rate is also given by 
the Arrhenius equation whose differential form is 


dink __ Eexp 
T= aH (23.2) 
and the integral form of this equation is 
ke Eexp T,—Ty 
log = san (rr) (25.3) 
ee Eexp 
log k = Sapp t const (23.4) 
exp 
k = koe RT (23.5) 
where fk, is a constant or a pre-exponential factor, and Exp is the 
log k 
—2.0 
—18 
— 1.6 
—1.4 Fig. 43. log k versus 1/7 for the 


30 3.1 3.2 3.3 3.4 1/T-103 copper oxidation reaction 


activation energy (experimental activation energy). The activation 
energy and the temperature coefficient are related as 


E = 2.3RT (T + 10) log yr (23.6) 
where yr is van't Hoff’s coefficient at temperature 7. 
log k = f (1/T) may give a straight line (Fig. 43), then 
E = 2.3R tan a (23.7) 


where q@ is the slope angle of the straight line. 


Exercises 


1. In the presence of ions CN~-, benzaldehyde converts into benzoyl. 
Determine the activation energy for this conversion, proceeding 
from the f-'lowing data: 

T, K 313.2 323.1 333 .2 

k, minq 0.026 0.048 0 .089 


Solution. To find the activation energy use the equation 
Ke E T2—T1 
log 7 = Te x8.ais TT, 
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hen, 
2.303 8.314771 1 ke 
a a Pe log i, 
For 313.2 and 323.1 K, 


{) 
f= 2:908X8.914x 519.2928. Jog 0-08. _ 59785.9 T/mole 


For 333.2 and 323.1 K, 


2.303 x 8.314 x 333.2 x 323.1 0.089 _ 
eee © ea log ag = 04 643.04 J/mole 


For 313.2 and 333.2 K, 


2.303 X 8.314 X 313.2 x 333.3 0.089 
es ee log 0-099 = 60 040.4 J/mole 
| 08 789.2-+ 94 wo 040.4 — 57 822.88 J/mole 


2. Determine the activation energy of the reaction 
Cu + (NH4)2S205 —> CuSO, — (NH,4).S80, 
The reaction rate constants at different temperatures are as follows: 


T, K 293.2 313.2 333 .2 
k X 10°, litre mole-! min 9.6 18.16 39 .06 


Solution. Determine the activation energy graphically with the 
aid of the equation 


log k = log ky sags sa 
Present the experimental data as follows: 
aX 10 3.41 3.195 3.005 
log k —2.018  —1.744 —1.475 
and plot a graph (Fig. 43). Consequently, 
nee —2.02—1.50 
3.44 —3.02 


Determine the activation energy using Eq. (23.7): 


== — 2,303 x 8.314 tana = — 2.303 x 8.344 (SS) 


= 20 522.4 J/mole 
3. A solution of ethyl acetate at c, = 0.01 g-equiv/litre and 293 


K is saponified with 0.002 N NaOH (c,), the saponification being 10% 
complete within 23 min. The reaction is of the second order. How 
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will the above time period change if the reactant concentrations 
are reduced ten-fold and the temperature is raised by 10 °C? 
Solution. Use the kinetic equation 


Foe: 1 1 (a—zx)b 


=F Ta—b) “G—a)a 
and substitution of t = 23 min, a = c, = 0.01 g-equiv/litre, b = 
c, = 0.002 g-equiv/litre, and z = 10% of c,, i.e. x = 0.001 g-equiv/ 
litre, gives 
k= 1 1 


(0.01 —0.001) 0.002 _ 
By Do1—ow7 2:3 log = 3.19 


(0.002 —0.001) 0.01 

When all concentrations are reduced ten-fold, c, = 0.001 g-equiv/ 
litre, c. = 0.0002 g-equiv/litre, and z = 0.0001 g-equiv/litre. Sub- 
stitution of these values into the kinetic equation for k = 3.19 
gives 


p41 { > 3 Jog (0-001 0.0001) 0.0002 
=F 9.00t—0.0002 “°° *°8 (9.0002 —0.0001) 0.001 


Hence, ¢ = 230 min. Assuming that increasing the temperature by 
10 °C doubles the reaction rate, ky+,, = 2ky. Consequently, if the 
reaction temperature changes in the arithmetic progression 7 = 
10 (x — 1), the reaction rate will change in a geometric progression: 
kk = 2"-! (n being the ordinal number of the progression term). 
Take the logarithm: 


log k = (n — 1) log 2 
and substitute the value of (nm — 1): 
k = T/10 log 2 
Derive the relationship between & and 7 by differentiating 
din kidT = 0.0301 X 2.3. Integration gives 
log k = 0.0301T + const 
Hence, 


log =~ = 0.0304 (T—T,), (T~-2y)=15°, ky=3.19, krats=9.04 


and 


ee (a—-z)b 
ee a—b log (b—z)a 
(a—z) b 
(b—z)a 


The right-hand sides are equal by definition, therefore, kt = k,t, 
or k/k, = t,/t. Consequently, 


t=? 23 — 8.1 min = 486 s 


1 
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Problems 


1. The following first-order reaction rate constants have been derived 
for a thermal dissociation reaction: 


T, K 823 833 843 853 863 873 883 893 903 
kx 1077, so 2.5 4.7 8.2 12.3 23.1 35.3 57.6 92.4 141.9 


Plot & versus T and log k versus 1/7. Calculate the activation energy 
and pre-exponential factor. 

2. The rate constants of a reaction in which an organic acid dis- 
sociates in an aqueous solution are as follows: 


T, K 273 .2 293.2 313.2 333 .2 
kX 10°, min~ 2.46 47.5 576 5480 


Plot log & versus 1/T and determine the activation energy. Calculate 


the constant k, in the equation k = ke” Za? and the half-time 
for the reaction at 373.2 K if the reaction is of the first order. 

3. Two reactions of the same order have equal pre-exponential 
factors but their activation energies differ by 41.9 kJ/mole. Calcu- 
late the ratios between the rate constants of these reactions at 600 K. 

4, The alkaline saponification of ethyl acetate is characterized 
by the following rate constants at different temperatures: 


T, K 273 293 298 
k, min=! mole! litre 1.147 5.08 6 .56 


Calculate the activation energy and the half-time of the reaction 
at 298 K if the amounts of the reacting acetic ester solution and 
alkali are (a) 0.025 mole/litre and (b) 0.0125 mole/litre. 

o. In an alcoho! solution involved in the reaction 


C,H,X + OH- = C,H,OH-+ X+ 
where X = Cl, Br, or I, the rate constants can be calculated using 


the following equations: 
for the chloride: 


k, = 0.793 «x 107 1/2e-23 000/RT 


for the bromide: 
kee = 1.28 « 10! 71/2e-21 000/RT 
for the iodide: 
ks = 2.70 x 10 7/2¢-21 000/RT 
Calculate the rate constants and their ratio at 298 K, from which 
the dependence of the halide’s mobility on its nature can be inferred. 


6. The dissociation of a substance is a first-order reaction with an 
activation energy of 231 kJ/mole. At 300 K, this substance dissociates 
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at a rate of 95% within an hour. Calculate the temperature at which 
the dissociation rate of the substance is 0.1% per minute. 
7. A diazonium salt dissociates according to the equation 


CH,C,H,N.Cl-+ H,O = CH;C,H,OH+N.+ HCl 


The dissociation process is a first-order reaction whose rate constants 
at 297.9 and 303.2 K are 9 x 107? and 13 « 10-3 min“, respective- 
ly. Calculate the rate constant for 308.2 K and the time it takes 
for the dissociation of the diazonium salt to be 99% complete at 
the same temperature. 

8. The rate constant of dissociation of acetone dicarboxylic acid 


CO(CH,COOH), — CO(CH;).+ 2C0, 


which is a first-order reaction, is 4, = 2.46 x 10° min“ at T, = 
273.2 K and k, = 5.76 x 107-3 min“! at T, = 313.2 hk. Calculate 
the time it takes for the reaction to be 70% complete at 7 = 323.2 K. 

9. The half-life of a substance in a first-order reaction is 100 min 
at 323.2 K and 15 min at 353.2 K. Calculate the temperature coef- 
ficient of the rate constant of this reaction. 

10. The rate constant of saponification of ethyl! acetate with 
NaOH is 2.37 at 282.6 K and 3.204 at 287.6 K. At what temperature 
will the rate constant equal four? 

11. A solution contains 0.1 mole of ethyl acetate and 0.1 mole 
NaOH. The saponification of the acetic ester is 10% complete within 
10 min at 283.2 K and 20% complete within the same period of 
time at 298.2 K. Calculate the amount of the ester that will be 
saponified within 5 min at 313.2 K. 

12. The dissociation of sodium perborate 


NaBO,+H,0 + NaH,BO,+ = O. 


is a first-order reaction. The reaction rate constants at 7, = 303.2 K 
and 7, = 308.2 K are 2.2 « 107° and 4.1 <x 10-*min™, respective- 
ly. Calculate the activation energy of the reaction and the time 
it will take for 99.99% of sodium perborate to dissociate at 7, = 
313.2 K. 

13. Isopropyl ether vapour isomerizes into allyl acetone in a first- 
order reaction. The temperature dependence of the rate constant 
(s“') is given by the equation k = 5.4 x 10!! x e°*930/RT, How 
much time will it take for the partial pressure of allyl acetone to 
reach 300 mm Hg at 423 K if the initial pressure of isopropyl ether 
is 760 mm Hg? 

14. The rate constants of a second-order reaction at 328.2 and 
298.2 K are, respectively, 10-? and 10-% min= mole“ litre. Calculate 
the rate of this reaction at 343.2 K at its onset if the initial con- 
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centrations of the two substances are the same and equal to 0.01 mole/ 
litre. 

15. A second-rate reaction (A, + A, —» products) is 90% complete 
at [A,], = [A,], = 0.1 mole/litre within 200 min at 300.2 K and 
within 40 min at 320.2 K. Calculate the time it will take for the 
reaction to be 99% complete at 330 K and [A,], = [A], = 0.01 mole/ 
litre. 

16. A reversible reaction proceeds according to the stoichiometric 
equation 

Ri 


2A,+A, —— 2C—84 kJ/mole (exothermic reaction) 


Ro 


At 473 K, the rate of the forward reaction obeys the law ad [A,]/dt = 
k, {A,]* and the temperature dependence of the reaction rate is given 
by the equation 


log k, = 10.42 — 19 700/7 


k, is given in litre moles“). Derive the law to be obeyed by the 
rate of the backward reaction. Determine the activation energy of 
the backward reaction. Calculate the change in the entropy of the 
reaction and k, at 473 and 573 K if the equilibrium constant at 473 K 
is Kp = 6.2 X 10° atm@!. The rate of the zeroth-order reaction 
depends on the concentration of substance A,. Will this hold true 
for all concentrations of substances A, and A,? 

17. The rate at which substance A is spent in a reaction is given 
by the equation —d[A]/dt = k[Al®. At 7, = 333 K, k = 4.20 x 
10-® (the concentration of substance A is expressed in terms of pres- 
sureinmm Hg) and at 7, = 473 K, k = 1.4 X 1074 (the concentra- 
tion being given in mm Hg). Calculate the activation energy and 
the Arrhenium (pre-exponential) factor as well as the constants & 
at 333 and 473 K if the concentration of substance A is given in 
mole/litre. Determine the activation energy and pre-exponential 
factor if the reaction rate is given in mole litre“! s~'. Find out whether 
the determined energy will be the true activation energy of the 
reaction. 

18. The isomerization reaction A = B proceeds to completion at 
338 K. The half-life of substance A was measured for two initial 
concentrations of the latter: cy), and cy. = 2¢9,, and it was found 
that the order of the reaction is 4/3 with respect to component A. 
The accuracy of determining the concentration of A is +2%, and 
the error in determining the half-life is negligibly small. The tem- 
perature was maintained to within +0.1°, and the activation energy 
was 840 kJ/mole. What is the accuracy of determining the half-life 
of substance A? Are the measurements accurate enough to distin- 
guish the reaction order of 3/2 from that of 4/3? 


27-0878 
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19. For the dimerization of butadiene, log k = 7.673 — 9680/7, 
where & is given in litre mole~! s-'. What is the fraction of the buta- 
diene molecules present in the system that has the energy sufficient 
for the reaction to take place at 573 and 723 K? 

20. For the dissociation of phosphine according to the equation 
4PH, > P, + 6H,, the temperature dependence of the reaction 
rate is as follows: 


log k= —2 23 + 2 log T+ 12.130 


Proceeding from these data, determine the temperature dependence 
of the activation energy and the activation energy proper at 300 K. 

21. The kinetics of pyrolysis of ethyl bromide and n-propyl! brom- 
ide was studied in the gas phase, using toluene as the gas carrier, 
at different temperatures. It was established that the pyrolysis is 
a first-order reaction. The following values were found for the rate 


constants: 


T, K 800 833 877 900 
k,, s? 0.0361 0.144 0.662 14.410 
T, K 794 806 855 8814 


ke, S72 0.440 0.192 4.426 2.708 


where k, is the rate constant of ethyl bromide pyrolysis and k, is the 
dissociation rate constant. Proceeding from these data, (a) determine 
graphically the energy of activation and the pre-exponential factor 
for the two reactions and (b) derive analytically the temperature 
dependence of the rate constant. 


hs 
22. The rate constants of the reaction 2H] = I, + H, have the 


Rs 

following values (cm? mole s~1): kj = 0.259 at 666.8 K, k, = 
1.242 at 698.6 K, k, = 15.59 at 666.8 K, and A, = 67.0 at 698.6 K. 
Proceeding from these values, determine (a) the temperature depend- 
ence of the rate constants of the forward and backward reactions, 
(b) the temperature dependence of the equilibrium constant of HI 
dissociation, (c) the equilibrium constant at 553 and 763 K, and 
compare the results with the experimental data: A, = 1.473 xk 10° 
at 003 K and K, = 2.182 x 107? at 763 K. 


Multivariant Problem 


Given the rate constants of a reaction at two temperatures, 
determine the activation energy, the rate constant at temperature 7’,, 
the temperature coefficient of the reaction rate, and the amount of 
the reactant spent within the time period ¢ if the initial concentrations 
are cg. Remember that the reaction order coincides with molarity. 
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CHAPTER 24 


Basie Theory Behind Calculation 
of Reaction Rate Constant 


Basic Equations and Symbols 


The reaction rate w for similar gaseous molecules is calculated using 


the equation 
w= Zryre EIT (24.1) 


in which £ is the activation energy, and Zi, is the number of colli- 
sions between moleculesofgasA within a volume of 1 cm? per second; 


Zana ViaeN%u (24.2). 


Zane =/RT jis the number of active collisions within 1 cm?* per second, 
N is the number of molecules within 1 cm*, and @ is the mean arith- 
metic velocity of the molecules. 

In the case of a reaction A -+ B — products, the rate w of interac- 
tion between dissimilar molecules A and L will be 


w = Zype-E/RT (24.3) 


where Z'spe7 £/RT is the number of active collisions between molecules 
A and B within 1 cm?® per second; 


% (© ad 8RT MatmM 
Zann (ATSB of est (at Me 3 (24.4) 
where o, and Og are the gas-kinetic diameters of molecules A and B, 
M, and Mg are the molecular weights of substances A and B, and 
Zap is the number of collisions between molecules A and B within 


1 cm® per second. The quantity n (SA SSB ) 2 {collision cross 


section in Eq. (24.4)) for gases is determined from the viscosity of 
the substance. For an individual gas, the collision cross section 
will be mo?: 


Mu 
sila PR (24.5) 
Hence, the molecular diameter will be 
Mu 


For a binary mixture of gases, the collision cross section will be 


Maun, _Mpup _ 2 
t (6, +0)? = 2 i at ea (24.7) 
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In chemical kinetics studies, the collision cross section can be 
evaluated accurately enough if it is assumed that molecules are 
densely packed in a liquid or solid. The volume occupied by one mole 
{molar volume) is M/d, d being the substance density, g/cm*. In the 
case of dense packing, a sphere with radius r occupies a volume equal 


to 8r3/Y 2. Consequently, 
i 7 > M pf M \A/3 
ray V 141 x 1.66 x 10% = 0.665 x 10-8 (= } 


and 


(oa + Op)? = 1.39 x 10-16] (SA) + ( - yey (24.8) 


In the case of interaction between similar and dissimilar molecules, 
the rate constant is given by the equations 


Ws uw —_ _ 
k= We ( or He) = Loe E/RT (24.9) 
where * is given in cm? molecule"! s~! and 
k= Zy X 10°?Nye-F/RT (24.10) 


where Z, is the collision factor, and & in Eq. (24.10) is given in litre 
mole-! s-!, When similar molecules collide, the collision factor is 
calculated using the equation 


Zo= 5 Vino? y/ Ser (24.414) 


where Z, is expressed in cm*® molecule! s-}, 
In the case of dissimilar molecules, the collision factor is given 
by the equation 


= Oa+Op \? 8RT Ma+Ms 


in which Z, is expressed in cm® molecule! s~? The refined form of 
the equation for calculating the rate constant is 


k = pZ,e~E/RT (24.13) 


where p is the steric factor. 
The pre-exponential factor in Eq. (23.5) is 


hin, = PEs (24.14) 


according to the binary collision theory. 

According to the activated complex (transition state) theory, the 
reaction rate constant is determined with the aid of the Eyring 
equation (for bimolecular reactions) 

kT 


PS se Qact —Eo/RT 
k=u— 7. (24.45) 
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in which FE, is the activation energy at absolute zero, and Qact, Qa, 

and Q, are the molecular statistical sums (molecular sums over 

states) for the activated complex and initial substances A and B. 
The quasi-thermodynamic form of the Eyring equation is 


Ticesgge s eAS*/Re~E/RT (24.16) 


where x is the barrier factor, x = 1 for monomolecular reactions and 


x = 2 for bimolecular reactions, AS” is the entropy of activation, 
and £ is the experimental activation energy: 


E = RT + AH™ (24.17) 


where AH* is the enthalpy of activation. The constants have the 
following dimensions: time! for monomolecular reactions, and 
volume weight~! time! for bimolecular reactions. According to the 
transition state theory, the pre-exponential factor in Eq. (23.5) is 
given by the equation 


Key = ne* AL eAS*/R (24.18) 


in which the dimensions of k are volume weight! time . 


Exercises 


1. The dissociation of hydrogen iodide is a bimolecular reaction 
whose activation energy is E = 1848 x 10% J/mole. It proceeds at 
066.2 K, the diameter of an HI molecule, calculated with reference 
to viscosity, 1s 3.0 x 10-#* m, and the concentration of hydrogen 
iodide is 1 mole/litre. Determine the rate constant of the reaction 
at 566.2 K. 

Solution. Calculate the rate constant at 566.2 K on the basis of 
the number of collisions. Determine the mean velocity a, using 
the equation 


SRT _ 8x 8.314 x 107 X 566.2 P 
ug = aM* F480 128/2 4-88 10 cm/s 


— 4,33 « 102 m/s 


Calculate the number of HI molecules per 1 cm?. Since the concentra- 
tion of hydrogen iodide is 1 mole/litre, the number N of its mole- 
cules per cubic centimetre will be 


23 
N= Padi 6.02 x 1079 molecules 


108 
The number of collisions wil) then be 
7 V2 n rg) 


2 
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Z — 1-41. 3.44 (3.5 x 1078)? x 4.33 x 104 x (6.02 x 1023)? = 4.25 x 103 


2 
Determine the number of molecules in the active state: 
1848%102 
Zact __ e-E/RT — @— 8314x566 — 8 42 ~ 10738 


Ztot 


The number of colliding molecules pZ, is twice the number of 
collisions Z, therefore, 


pZy = 4.25 x 103) x 2 = 8.5 x 103! molecules/cm? 


In order to express the number of molecular collisions in terms of 


log k 

2.60 

2.40 

2.20 

2.00 

3.80 Fig. 44, log k versus 1/7 for 
the reaction C-H.N CH. |. = 

3.10 3.20. 330 3.40 1/T-103 (C, HeNGH| "12 : 


the number of moles within 1 cm® per second, divide the above result 
by the Avogadro number: 


pZ, = 8.5 x 1031/6,02 x 1023 = 1.41 > 107 


Substitution of the calculated value into the equation k = pZ e~#/8T 
gives 


k= 1.41 x 10° & 8.42 « 10-28 = 11.9 x 10-" cm?’ mole s7 


2. The kinetics of the reaction between methyl iodide and pyridine 
in tetrachloroethane 
C,H;N + CH,l! — [(C,H;NCH,]tI~ 
was studied with the following results: 


T, K 293.14 303.4 313.1 323 .2 
k x 102, litre mole! min=! 0.713 1.5 3.5 5 .89 


The reaction is irreversible and of the second order. Calculate 
the activation energy and the steric factor if the density of pyridine 
is dy = 0.98 g/cm® and that of methyl iodide, d,., = 2.28 g/cm’. 
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Solution. Plot k versus T in Arrhenius’ coordinates (Fig. 44). 
Determine the activation energy from the slope of the resultant 


Straight line: 
E = 2.3R tana = 2.3 x 8.314 x 1.43 « 2000 = 54 689 J 


where tan a represents the ratio between the increments on the X 


and Y axes with due account for the appropriate scale. Write the 
equation for the straight line: 


log k= log (pZ,) — |tana| 41/7 x 103 = log (pZ,) — 2.861/T x 10? 


Then take the coordinates of any point on the straight line, for 
example, log k = 3.88 at 1/7 x 103 = 3.40, and calculate 


log (pZ,) = 3.88 + 2.86 x 3.40 = 3.88 +.9.73 = 7.64 


: sae 4.110’ 
ze 7 —4 eg ace 3 
pZ)=4.1 x 107 litre mole min SOx b.0a tos om /s 


= 1.13 «x 10°! cm3/s 
Use the equation 


Zou (rasp)? ( 


to calculate Z,. Having determined the values of pZ, from the 
experimental data, calculate the steric factor of the reaction. More 
specifically, the molecular weight of pyridine is M@, = 79, its density 
is d, = 0.98 g/cm?, while the molecular weight of methyl iodide 
is Mm... = 142 and its density is dy... = 2.28 g/cm®. The reduced 
weight M* will be 


M* — 


SkT \ 1/2 
umn * 


Mn .4.M p _ 79 X 142 __ 
Mma. t Mp _ 221 = 90.7 


The cross section of collision in a liquid or solid can be estimated 
with sufficient accuracy if the molecules are densely packed. The 
volume occupied by one mole (molar volume) is M/d. The volume of 


one sphere of radius r is 8r?// 2 in the case of dense packing, there- 
fore, 


r=> VY LATx 1.66 x 10 M/d= 0.665 x 10-8 (M/d)'/8 


and the collision cross section is 
x ( Sage )* 4.9 sor [ (Hs )"9 4. (ey 


m-f. ap 
Hence, 
- (Smt Fon 1.39 x 107] (Fae) + (sa) 


= 9.5 x 107 cm? 
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The mean relative velocity of molecules at 308 K will be 


8x 8.31 x 107 x 308 ; 
= ie) EEE ae — 3.58 x 104 em/s 


Then, 
Zo = x (Smtr op \" a = 8.58 x 10# x 9.5 x 10-5 = 3.4 x 107 em?/s 


Consequently, the steric factor is 
= 443 10h 3A XxX 105 =] 3.3 3 10" 


3. Proceeding from the theories of collision and transition state, 
demonstrate that kh, = Z,. Use the data from the handbook to cal- 


H Cl 


Fig. 45. Determination of the coordinates of the 
centre of gravity for the HC] molecule 


culate, with the above theories in view, the pre-exponential factor 
for the reaction H + Cl +~ HCI at 298 K. 

Solution. When two atoms react, the initial particles lack the 
rotational component of the statistical sum, and the activated com- 
plex is essentially a diatomic particle. The moment of inertia / 
of the activated complex, with respect to the centre of gravity, is 


2 2 
f= Myry + MZ) 


where zy and zc; are the distances between the centres of the H and 
Cl atoms, respectively, and that of the molecule (Fig. 45). According 
to the definition of the centre of gravity, myzyq = mc)Z%c;. In view 
of the fact that zy + zc) = ry+ + 7c), transformation gives 


rt 
T= ack mgy HT Ter) 
te = (rat rea) 
Jeo OS... r r 2— m* (r r 2 
awe (7H + ci) (ru +c) 


For a diatomic particle having two rotational degrees of freedom, 


_s 82k Sn2kT Sr nl 
(2" )rot = 72 [= pe 


m* (rH —1rci)* = za MN * 0 (ru + Pei)? 
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Hence, according to the transition state theory and provided that 
the vibrational statistical sum equals unity for this reaction, 


ok 
Ps h® Art = ee ee Zt 
0 (27)3/2 ki/2 (m*)3/2 T 1/2 (Zy)rot (Zc))rot (2m1)3/? ki /2 (m*)8/2 T1/2 
h? 8nkT 4 —_ 3 ( 8kT {/2 
~ (om) 3/? kt? (m*)9/2 TH ne m*n (ry + rei)? =H (ra + Tea) um* 
If p = 1, then 


8AT \ 1/2 
i (run + rea)? ( ne 


Thus, for a reaction involving two atoms, the pre-exponential factor 
calculated by the activated complex method coincides with the 
collision factor. According to the handbook, ry = 2.08 x 10-° cm 
and rc; = 1.81 x 107° cm. Consequently, 


Zp 3.14 (1.84 + 2.08)? 10716 7/ BXS-O1 IN XE __ 1.36 x 10 cm?/s 


4. Calculate the pre-exponential and steric factors for the reaction 
C,H, + Cl > C,H,Cl at 298 K, using models of the activated com- 
plex and initial particles, shown in Figs. 46 and 47. 

Solution. To calculate the pre-exponential and steric factors it is 
necessary to find the molecular statistical sums of the translatory, 
rotational, and vibrational motions for the reactants and activated 
complex. Determination of the rotational statistical sums is based 
on the moments of inertia, and that requires knowledge of the con- 
figuration of the initial particles and activated complex. The rotation- 
al statistical sums for the activated complex can be calculated only 
if certain assumptions are made as regards its structure. This can be 
done with a reasonable degree of accuracy because the activated 
complex is an intermediate state between the initial particles and 
the particles of the reaction products. 

In constructing the model of the activated complex, the following 
assumptions are made: (1) the length of the C—C bond falls between 
those of the C—C bonds in ethylene and in the resulting free radical 
C,H,Cl; (2) the H,C,C,, H,C,C,, and H,C,H, angles (Fig. 47) are 
equal and constitute 115° (i.e. between 120° in ethylene and 109° 
in C,H,Cl); (3) the Cl atom approaches the ethylene molecule follow- 
ing a direction perpendicular to the plane of the latter, and the CIC,C, 
angle in the activated complex (Fig. 47) equals 100° (i.e. between 
the right angle and 109° in the resulting free radical), The distance 
between Cl and C, is assumed to equal 2.00 A (which is somewhat 
longer than in C,H,Cl). The hypothetical configuration of the activ- 
ated complex is illustrated in Fig. 47 

To calculate the moments of inertia of ethylene and the activated 
complex it is convenient to select a system of coordinates with an 
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OX axis extending along the C—C bond, an OY axis lying in the 
plane of the ethylene molecule and perpendicular to the C—C bond, 
and an OZ axis perpendicular to the plane of the ethylene molecule 
and to the origin of coordinates, coinciding with the centre of the 
C—C bond. As regards ethylene, the origin of coordinates is at the 


Fig. 46. Determination of the coordinates of the centre of gravity for the 
CH,=CH, molecule 


Fig. 47. Hypothetical structure of the activated complex 


centre of gravity of the molecule and the coordinate axes follow 
the molecular axes of symmetry. Since ethylene has three mutually 
perpendicular axes of symmetry, they are also the principal axes of 
inertia and, consequently, solution of the problem boils down to 
calculation of the moments of inertia with respect to the three 
coordinate axes: 


=>. M jrx = > M; (23 + yi) 
I) => Miri, = >) M; (x?+2%) 
M3) Mt = SM, (tty? 
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The coordinates of the atoms are as follows: 
C, G H, H 


2 
x, 0.67 —0.67 —41.20 ~4.20 4.20 4.20 
y, 0 0 0.93 ~—0.93 —0.93 0.93 
z, 0 0 0 0 0 0 


My =1, Me = 12. Hence, 
[A =4xX 1 &X 0.93? = 3.46 
IA =4x 1 x 1.20% + 2 x 12 x 0.67? = 16.956 
MAY = 4 x 1 (4.20? + 0.93?) + 2 x 12 x 0.67* = 20.0 
I4Igl¢ = IATAIA 

To calculate the product of moments of inertia with respect to the 

principal axes of inertia for the activated complex use the formula 
ly, males == 1x 
Talglo=|—Lay Lh —T,, 
—t he ie 

where /,, [,, and J, are the moments of inertia with respect to any 


three mutually perpendicular axes passing through the molecule’s 
centre of gravity; Ix,, /,,, and I,, are the products of inertia; 


Tey = 2) Mixiy;: Tee = 2) Mi 232), Ty2= Ds Myy;2; 


Calculate the coordinates of atoms Cl, H3, H,, C,, and C, using 
the stated bond lengths and angles. The coordinates of H, (z, y, 2) 
and H, (x, -—y, z) should be calculated in the following way. The 
length 7 of the line segment connecting the points with coordinates 
Xo, Yo. 2 and 2, Yj, 2, is 


y= V (zy — Zo)” + (Y4— Yo)? + (24 — 29)” 
and the angle ~ between two line segments with a common origin at 
the point (7p, Yo, 29) and ends at the points (z,, y,, 2,) and (2, Yo, Za) 
can be determined from the formula 
(2y — Xo) (Le — Xo) + (Yr — Yo) Y2 — Yo) + (21 — 20) (22 — 2p) 
— Lt. COs @ 


Application of this expression to the line segments C,H,, C,Hg, 
and C,0 gives the following equations for the coordinates zx, y, and 
z of interest of atoms H, and H.: 


(x — 0.72)* + y? + 2% = 1.07? 
(x — 0.72)? — y® + 2? = 1.07 x 0.72 cos 115° 
—(z — 0.72) 0.72 = 41.07 x 0.72 cos 115° 
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Solution of these equations gives the coordinates of H, and H,. Thus, 
the coordinates of the atoms are as follows: 


H, H, 4H, H, G Cl 
x; 4.47 447 —4.25 4.25 0.72 —0.72 4.07 
y,  —~0.86 0.86 0.93 —0.93 0 0 0 
z5 0.45 045 0 0 0 0 —4.97 


To find the coordinates of the centre of gravity use the equations 


Consequently, in the system of coordinates associated with the centre 
of gravity, 


H, H, 4H, H, C Cl 
x; 0.57 0.57 —1.85 —1.85 —1.32 0.47 
y, —0.86 0.86 0.93 0.93 0 0 
2, —1.54 1.54 14.09 1.09 10.9 --0.88 


Hence, J* = 66.3, If = 99.4, IF = 39.5; [3 = IK = 0; % = 
re a ie 


66.3 0 32.7 
uIglé =| 0 99.4 0 [== 4.54 x 105 
32.7 0 39.5 


Substitution of the values of rotational statistical sums into the 
equations gives 

lip = ee rot 

oe (2m)3/? k*/? (m*)3/2 Th" (ZA)rot (Zp)rot 


and after reduction we have 
‘ pe (I IFA)? 
U = 3/2 Ld a2 TLE LAY AY 
(2m)8/? HX? (m*)R7F TUE AY LAYTON) 
then k, = 4.8 xk 10° cm’/s. 

To determine the steric factor one must know the collision factor. 
The collision cross-section can be calculated on the basis of the 
viscosity data for Cl, and C,H,y: noi, = 1.33 x 10°-% Pa s and 
Nc,H, = 1.01 x 107° Pas. Use Eq. (24.6) to calculate the radius: 

{ Mu 


iy Sano ; cig = 2.63 x 1078 cm, Celt, == 2-4 x 10-§ cm 
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If it is assumed that the volume occupied by one Cl] atom equals that 
occupied by the Cl, molecule, the linear dimensions of the Cl atom 


must be / 2 times smaller, as compared with the Cl, molecule; 
ro) = 2.63 x 1078 3/2 = 2.08 x 10-8 cm 


Therefore, 
Zo = 3.14 (2.43 +- 2.08)? x 10-8 y/ SAO IY Ree 


3.14 X 15.6 
= 4.45 x 107 cm3/s 


Hence, the steric factor is p = k,/Z, = 1.08 x 107°. 

5. For the dissociation reaction 2NO = N, + O,, the rate constants 
are k, = 0.0108 mole litre“! s~! atm™! at 1620 K and k, = 0.030 mole 
litre“! s-! atm~! at 1572 K. Calculate AH” and AS™* at the mean 
temperature of 1972 K. 

Solution. To calculate the entropy and heat of activation use the 
equation from the theory of absolute reaction rates, given in the 
logarithmic form: 

AH* 
R 
belies te 1.3805 x 10-23 Senieidal age _ AH® 
Be 198 56238 x 10-34 X0.08206 | 2.3X8.314 ( R 


10 1.3805 x 10-23 
8 6238 X 10-34 x 0.08206 


Write the equation for log k at T = 1620 K: 


k 4 


= log (2.5398 x 1011) = 11.4048 


og ot 
log 0.0108 = — 1.96658 = 11.4048 > -., 2 (1) 


and at 7 = 1525 K: 


of of 
log 0.0030 = — 2.52288 = 11.4048 + = (2) 


To determine AS” and AH™ solve equations (1) and (2) simultaneous- 
ly, 
AH™ AS* 


31018.4 19.147 = 13.3718 
of = 
cn AS” _ __ 4392768 


29199.17 19.147 


Consequently, AH™ = 276 993.62 J/mole and AS* =~ —85.038 


Jmole“* K~'. It is to be assumed that the values of AS* and AH* 
for the mean reaction temperature (1572 K) remain the same as for 
1620 and 1525 K. 
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Problems 


1. A vessel is filled with nitrogen at 1.01 x 10° Pa and 298 K. Cal- 
culate (a) the number of collisions against the vessel walls within 
1 s/cm?, (b) the number of collisions between molecules within 1 cm® 
per second, and (c) the mean free path length for nitrogen molecules. 

2. The thermal decomposition of gaseous acetaldehyde is a bi- 
molecular reaction. Its activation energy EF is 1911 x 10° J/mole, 
and the molecular diameter of acetaldehyde is 5 x 107% cm. Calcu- 
late the number of molecules reacting within 1 x 10~® m® per second 
at 800 K and 1.01 x 10° Pa and compare the result with the ex perim- 
ental value of 7.3 x 10'*. Also determine the half-life of acetalde- 
hyde in this reaction. 

3. The thermal decomposition of nitrogen dioxide, 2NO, ~> 
2NO + O,, is a homogeneous bimolecular reaction. At 627 K, the 
reaction rate constant is 1.81 x 10? cm*® mole !s-!. The steric 
factor is 0.019. Calculate the activation energy EL, assuming that 
the molecular diameter of NO, is 3.55 x 107-8 cm. Determine the 
fraction of the molecules whose energy at 627 K exceeds E. 

4. The rate constant of the azoisopropane dissociation reaction 
C,H,N=NC,H, ~N, + C,H,, is given by the equation k, = 
5.71 & 10%8e—-40900/RT, Calculate the maximum possible value, from 
the standpoint of the collision theory, of the pre-exponential 
factor, assuming that Ocy,n—nc,H, = 9 X 107° cm, ecyy,N=NC,H, = 
1 mole per 22.4 litre, and 7 = 563 K. Compare the result with 
the experimental values. 

Qo. The activation energy of the acetone dissociation reaction 
CH,COCH, = C,H, + CO + H, is 286.6 kJ/mole. Assuming that 
the molecular diameter of acetone is 5.0 * 107° cm, calculate the 
rate constant of this reaction at 835 K and 760 mm Hg. Compare 
the result with the experimental value k, = 1.5 xk 107% st. 

6. The experimental value of the rate constant of the reaction 
between methyl! iodide and sodium ethylate, CH,I + C,H,ONa > 
CH,0C,H, + Nal, proceeding in an ethanol solution at 291 K, 
is 4.96 x 10-4 litre mole~!s~!. Assuming that the molecular radii 
are 2.64 x 10°° and 2.74 x 10°78 cm, respectively, calculate the 
activation energy of this reaction, using the equation from the colli- 
sion theory (p = 0.8). 

¢7. The value of &, in the Arrhenius equation 


ky = 1.6 x 10"e-E/RT 


for the reaction H, + I, ~2HI is known. Calculate the steric 
factor p and activation energy # and compare the results with the 
tabulated values (p = 0.14, EF = 162.758 kJ/mole) if, at 700 K, 
the mean rate constant is 6.4 x 107? litre mole! s—! and the viscos- 
ities are NH, = 1.83 x 10°% Pas and ny, = 3.6 x 10-3 Pa s. 
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8. The kinetics of the reaction between triethylamine and ethyl 
bromide in benzene, (C,H,),N -+ C,H,Br —, was studied with the 
following results: 


T, K 273.42 283.2 293.2 303.2 
k x 10°, cm? mole s7! 0.28 0.558 1.17 2.22 


The reaction is irreversible and of the second order. Calculate its 
activation energy and steric factor if the densities of the reactants 
are dc,H,),n = 0.723 g/em*® and dc,y,pr = 1.496 g/cm’. 

9. The kinetics of the reaction between dimethylbenzylamine and 
methyl! iodide in nitrobenzene, CgH;,(CH;),N + CH,I —, was studied 
with the following results: 


T, K 273 .2 283.2 293.3 303 
k X 10°, cm? mole s7 0.922 1.64 4.615 9.65 


The reaction is irreversible and of the second order. Calculate its 
activation energy and steric factor if the densities of the reactants 
are dg = 0.956 g/cm® and dy, = 2.28 g/cm’. 

10. The kinetics of the reaction between ethyl! iodide and dimethyl- 
benzylamine in acetone, C,H;N(CH,), + C,H.] ~, was studied 
with the following results: 


T, K 273.2 283 .2 293 .2 303 .2 
k X 10°, cm? mole s-} 0.27 0.677 1.518 3.398 


The reaction is irreversible and of the second order. Calculate its 
activation energy and steric factor if dg = 0.956 g/cm® andd,,,, = 
1.933 g/cm?. 

11. Calculate the sum over states for the linear activated complex 
H.--H---Br if (a) the H---H distance is 1.50 x 10-8 cm and the 
H.--Br distance is 1.42 x 10-8 cm, and (b) the vibrational fre- 
quencies of the molecule are 2340, 460, and 460 cm~! (the fourth 
frequency corresponds to the vibration along the barrier and is not 
required for the calculation). 

12. Proceeding from the theory of absolute reaction rates, deter- 
mine the temperature dependence of the pre-exponential factor for 
the following types of reactions: (a) bimolecular reaction between 
an atom and a diatomic molecule, yielding a linear activated com- 
plex, and (b) trimolecular reaction between two atoms and a diatomic 
molecule, yielding a nonlinear activated complex lacking degrees 
of freedom. The vibrational sum over states is independent of tem- 
perature. 

13. The following parameters are known forthe elementary reaction 
H+ 0, = OH +O: (a) the difference between the zeroth energy 
levels in the activated and initial states is 62.76 J; (b) the molecular 
configuration: O,ro.9 = 0.12 nm; the activated complex H—O—O 
is linear with ry-59 = 0.1 nm andro-o = 0.14 nm; (c) the vibrational 
28—0878 
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frequency for O, is v = 1580 cm™!, and for H—O~—O there are no 
stretching vibrations except for the doubly degenerate bending 
vibration at v = 300 cm~}; and (d) the barrier factor is x = 1. 
The electronic sums over states are disregarded. Calculate the reac- 
tion rate constant at 800 K. 

14. The following parameters are known for the reaction H + 
HC] = H, + Cl: (a) the difference between the zeroth energy levels 
in the initial and activated states is 18.828 kJ; (b) the molecular 
configuration: ry-y = 0.13 nm; (c) all vibrational frequencies are 
sufficiently high and Q,,,, = 1; and (d) the barrier factor is x = 1. 
The electronic sums over states are ignored. Calculate the reaction 
rate constant at 600 K. 

{5. The following parameters are known for the reaction O + 
OC —O---C---O +CO,: (a) the difference between the zeroth 
energy levels in the initial and activated states is 83.68 kJ; (b) the 
molecular configuration: CO, reg = 0.112 nm; the activated com- 
plex, To-c-o = 0.12 nm, is linear with known dimensions; (c) all 
vibrational frequencies are sufficiently high (Q,,, = 1) except 
for the doubly degenerate bending vibration of the activated com- 
plex at v = 200 cm™!; and (d) the barrier factor is x = 1. The 
electronic sums over states are disregarded. Calculate the rate 
constant of this reaction at 500 K. 

16. Calculate the rate constant of the reaction H, + 1, = 

oe 

- = 2HI at 600 K if (a) the activated complex has a planar 

re | 
structure and its three principal moments of inertia are, respectively, 
IT, = 920 « 10°-* g cm’, 7, = 7 X 10-* g cm’, and J, = 930 x 
10-*° g cm’; (b) rg-— = 0.07 nm and ry. = 0.25 nm; (c) for all 
vibrational degrees of freedom, Q,,,,. = 1, except for one vibration 
in the activated complex at v = 100 cm7}; (d) the barrier factor 
is x» = 1, and the electronic sums over states are disregarded; and 
(e) the activation energy is EF = 167.36 kJ/mole. 

17. Two reactions of the same order have equivalent activation 
energies but the entropies of their activation differ by 42 J mole"! K7~!. 
Calculate the ratios of their rate constants at 300 K. 

18. Calculate the rate constant of dimerization of ethylene, 
2C,H, +» C,H,, at 673 K if, for 1-butene, AH” = 147 466 J/mole 


and AS* = —147 J mole7! K-!. 
19. For the reaction between pyridine and ethy! iodide, 


C.H,N-+ C.H,l —> C,H, NI 
at 303 K, k = 1.72 x 107® litre mole-!s-} and AS* = —118.5 


J mole-! K-!. Calculate the heat of activation (AH7 ) and the acti- 
vation energy E. 
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20. Calculate the heat of activation and activation energy for 
the reaction of bromination of 2-butene-1,4-disul phonate, 


CH — CH,—SO,Na H2O Br— CH — CH — CH,—S0O,Na 
| Br, —> | +NaBr 
CH —CH,—SO,Na HC 8 80OO 
ea 
SO, 
at 298 K, proceeding from the following data: 
T, K 293 298 303 


k X 10-3, min-* 8.9 14.0 13.7 


if the conversion factor is unity and AS* and AH™ are independent 
of temperature. 

21. The rate constant & of the reaction 2NO + O, = 2NO, is 
6.63 « 10° mole/litre at 600 K and 6.52 « 10° mole/litre at 645 K. 
At the same temperatures, & for the backward reaction is 83.9 and 
407, respectively. Calculate (a) the equilibrium constants for these 
temperatures, (b) the activation energy £ of the forward and back- 


ward reactions, and (c) the heat of activation (AH7) of the forward 
and backward reactions. 

22. The rate constants of the nitrogen oxide dissociation reaction 
2NO +N, + O, are k, = 0.0108 mole litre“! s-! atm~? at T, = 
1620 K and &, = 0.0030 mole litre-! s-* atm~? at 7, = 1525 K. 
Calculate AH* and AS” at the mean temperature of 1527 K, using 
the equation from the theory of absolute reaction rates. 

23. In the case of homogeneous first-order reactions between gases, 
the entropy of activation is often insignificant and can be ignored. 


Assuming that AS* = 0, determine the rate constant and the time 
of transformation of a substance by half at room temperature (300 K) 
if the heat of activation of the reaction is (a) 63 xX 10° J/mole, 
(b) 84 x 10° J/mole, and (c) 105 x 103 J/mole. 
24. The rate of the reaction 
a ee 
SO02-+ O2 — SOs 


— 


Rg 


was studied, and the following rate constants of the forward and 
backward reactions were obtained at different temperatures: 


T, K 873 879 898 933 938 947 
ky, min 82.5 92.0 132.0 196.0 209.0 279 .0 
ky, min=! 9.95 11.8 23 8 o2.3 58 .25 85 .6 


Calculate the heat and entropy of activation for the forward and 
backward reactions. Check whether the theory of transition state 
is applicable within this temperature range. 


28* 
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25. Determine the rate constant of ethylene dimerization 
2C,H, ~ CH, = CH—CH,—CH; at 300 k if the standard entropies 
of ethylene and the activated complex (at P = 1 atm), determined 
by the translational, rotational, and vibrational motions of the 
molecules, are as tabulated below: 


1s eet 


Entropy, J mole-! K-71 AS®, J mole-1l K-1 
Stibotance 0 0 0 
Straps Srot Svibr P=const V =const 
J2CaH, 3Hi2 .63 132.92 oe 02 — 129.82 
C,H, 160.094 136.69 18.39 — 41.80 


The experimentally found activation energy is 146.30 kJ. 

26. The frequency factor of the dissociation of dimeric cyclo- 
pentadiene in the gas phase is 1.3 x 101% s~!, and the activation 
energy of the process is 146.30 kJ. Calculate (a) the rate constant 
at 373 K and (b) the entropy of activation. 

27. The rate constant of sulphamic acid hydrolysis:is 1.16 x 
10-° litre mole! s7! at 363 K, and the activation energy is 127.49 


kJ/mole. Caleulate AA® , AH® , and AS* for the hydrolysis reaction. 
28. A reaction between two butadiene molecules yields 3-vinyl- 
cyclohexane: 


CH, CH, 

Z iN 

CH CH, CH CH, —CH= CH, 
r+ | | 

CH CH—~CH=CH, CH .CH 

\ | i 

CH, CH, 


It is assumed that the structure of the activated complex is that of 


a biradical CH,—CH=CH—CH,—CH,—CH—CH=CH, which 
closes into a ring through linking of two free valences. Calculate the 
rate constant of butadiene dimerization, in cm? mole s~', at 600 K 
if the experimentally found activation energy is 99.024 kJ/mole. The 
standard entropies are tabulated below. 


Entropy, J mole-1 K-1 AST, J mole-1 K-1 
Substance ‘ - 
Strans | Srot Svinr P = const V =const 
2C,H, 339 .42 270 .86 132.09 —4119.13 — 71.06 


CHi> 182.67 214.85 183.92 


Ch. 24 Calculation of Reaction Rate Constant 437 


29. Demonstrate that the entropy term involved in the calcula- 
tion of the rate uf ethylene dimerization 2C,H, — C,H, has a value 
close to that of the steric factor in the collision theory. The experi- 
mentally found activation energy is 146.30 hJ/mole, the effective 
diameter of the ethylene molecule at 300 K iso = 4.9 x 107° cm, 
and the experimental value of the dimerization rate constant is & = 
1.08 x 107" cm*® mole s7!. The standard entropies of ethylene 
and the activated complex at pressures equal to unity are tabulated 
below. 


Entropy, J mole"1 Kl AS*, J mole-1 K-71 
Substance 0 0 0 
Strans Srot Svibr P = const V = const 
2C,H, 902.63 132.92 D.02 —125.82 — 41.80 
C,H, 139.20 136.69 18.39 


30. Calculate the rate constant of the reaction of recombination of 
methyl radicals at 473 K (second-order reaction) if the activation 
energy is zero, (a) the collision diameter being 2.03 « 10-° cm ac- 
cording to the theory of collision of inelastic spheres and (b) the en- 
tropy of activation being 8.4 J mole~' K~ according ta the theory of 
absolute reaction rates. Assume that the standard state corresponds 
to 1 mole/cm’. 

31. The reaction A + B + C —D comprises the following steps: 


A+B= AB (Il), AB+C+>D (I) 


Step (I) is a reversible reaction. Demonstrate that the temperature 
dependence of the rate constant is given by the equation 


k = ke Pannen 


in which AH is the change in enthalpy during step (1). 


Multivariant Problems 


{. A chemical reaction proceeds under conditions given in the 
table on pp. 438-439. Determine, from the collision theory, the 
kinetic characteristic of the reaction, which is absent in a given variant. 

2. Determine the activation energy E, of a reaction whose rate 
constant & is known from experimental data at 7, K, and a partial 
pressure of 1.01 x 10° Pa. The steric factor is assumed to equal 
unity. Compare the found activation energy and molecular diameter 
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with the values given in handbooks. (Assume that the diameter of 
the atoms equals that of the molecule, the molecular diameter being 
determined from critical and kinetic data.) 


Variant Reaction T, K k 

1 H-+-HD — HD+H 1000.2 } 0.68x40-* litre s-! mole-} 

2 H+HD > H.+D 1000. 0.95x10-® litre s-! mole7! 

3 H-+-D, ~ HD+D 1000. 1.210712 litre s-! mole-! 

4 Ho+I, — 2HI 647. 0.0140 litre min-? mole~? 

D H.+I1, — 2HI 629. 0.00676 litre min=! mole~! 

6 H,+ Bry —~ 2HBr 847 8.5610? litre min=! mole~} 

7 H,-+ Br, — 2HBr 771. 3.61074 litre min-! mole~} 

8 2HI — H.-+ I, 829 2.41x10-® litre min“! mole-! 
9 2HI — H+, 596 0.942 10-* litre min-! mole7 
10 2HI — H.+1, 666 0.588 10-% litre min~! mole-} 
44 2HI — H.+1, 683 0.00137 litre min-! mole7} 


12 D+HD — DH+D 
13 D+H. —~ DH+H 
14 D+ DH — D,+H 
15 T+H, > HT+H 
16 T+D, > DT+D 
17 2NO — No+ 02 
20 2NO > Net O, 
24 2NO — Ne+ O02 


1 
22 N,O; —-_> 2NOo+ > OQ, 


1000. 
1000. 
1000, 
1000. 
1000. 
1893. 
1628. 
1473. 
1239. 
1259. 


O71. 


MP UMUNNNNHNNNMNNNYNYNNNANNND 


1.0*10-* litre s-! mole! 
2.5x410~® litre s~1 mole— 


0.79X10-° litre s-!? mole} 


2.2xX107-® litre s~! mole7 
1.2x10-® litre s~! mole 
19.1810-! litre s-! mole-! 
38.4310! litre s~! mole-} 
62.4610 litre s~1 mole! 
39 82108 litre s~! mole~! 
6.72103 Htre s-? mole! 


2.03x10-3 litre min-? mole! 


1 
23 N,0, ~~ N2O, acy O» 611.4 | 2861073 litre min-! mole7} 
4 
24 N,O; > N204-+ 7 Op 081.4 | 7.9 litre min~! mole-} 
25 2N,0 — 2N,+ O02 1351.2 ; 110.910 litre min-? mole! 
26 2N,0 — 2N,.+ 0, 1441.2 | 977.0 litre min-! mole-! 


3. The rate constants of an nth-order rea.tion (A) have been de- 


termined at different temperatures. (For the reaction with n = 1, 
kis given in s~', and with n = 2, k is given in cm? s~! mole-!.) Cal- 
culate (a) the activation energy, (b) the pre-exponential factor, 
(c) the heat of activation, (d) the entropy of activation, and (e) 
the temperature coefficient of the reaction rate. 
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Reaction (A) 


Variant 


Cl 
1 | Hydrolysis of (CH,),C’ in 80% ethanol, n=1 
Cl 


2 N.O — Ns04-+ + Or, nm=1 


3 | Dissociation of acetodicarboxylic acid in an aqu- 
eous solution, n=1 


4 | NO; — N:0.+ > O,, n=1 


Oo C,H, Br —>- C.H,-+- HBr 


6 N,O0, —_> 2NQ,, n=1 


7 | cyelo-(CH,CHO), > 3CH,CHO, n=1 


Qo 

joe 

QO 
oe @© @ 8 @ @ 86 @  @ @  @ «@ © 
KS £9 Ww > — eS lL 
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06 x 1075 
191074 


.86X< 10-4 
-92X 10-5 


87 107-7 


4 

3 

g 

2 

7 

1.05x« 10-5 
1.76 10-5 
3.38x 10-5 
1.35x 10-4 
2.47 X1074 

4.98x 10-4 
7.59X10-4 
1.50 1073 
4.87 10-3 
2.46 10-° 
47.5 1075 

9.480 « 1075 
7.67 10-7 


3.46 107° 


1.461074 
4.98x1074 
1.50«1073 
4.87 x 10-3 
4.539 x 10-3 
7.194 1073 
1.125 x 107? 
1.741 x 10-2 
2.667 x 107-2 
4.140 1072 
3.288 X 108 
6.652 « 10° 
1.299 «107 
2.398 x10? 
4.29510? 
7.447 X107 
0.479 xX 10-5 
1.238 x 1074 
2.345 10-4 


— eH 
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(Table continued) 


E Reaction (A) T, K R 
> 
7 | cyclo-(CH,CHO), — 3CH,CHO, n-=1 030) 6.499 10-4 
540 1.404 10-3 
590 2.994 x 1073 
8 | CH,CH = CHCH,-+-HBr — CH,CH,CHBrCH,, 300 |7.638x10-? 
n=2 310 2.055 x 1078 
320) 6.309x 1076 
3300 1.888 x 1075 
340 2.188 x 10-5 
350 2.902 1074 
360 3.020 1074 
9} H.+C,H, ~ C.Hg, n:=2 600 7.443 1075 
610 1.343107? 
620 2.38 xX 10-2 
630 4.149 107? 
640 7.145 1072 
650 7.586 x 10-4 
660 1.995 x 107! 
10 | He+l, > 2HI, n=2 500 |7.834x10-4 
310 1.714x1073 
520 0.243 x 1073 
530 7.48 x 10-3 
940 1.503 107? 
550 2.930 10-2 
060 5.610107? 
41 | HI+CH,I — CH,+1,, n=2 400 9.954 1075 
410 2.780 X10-4 
420 7.396 10-4 
430 1.884 1078 
440 4.592x 1073 
450 5.370 x 1078 
460 2.427 x107? 
42 | 2HI ~ H,+1., n=2 500 2.938 x 107% 
510 7.096 x 1078 
520 1.652 107§ 
530 3.732 1075 
540 8.185 1075 
550 1.742>10-4 
560 3.606 x1074 
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(Table concluded) 


Reaction (A) 


Variant 


13 2NOz —_> 2NO+-Og, n=az2 


14 | CH,COOC,H; + NaOH — CH,COONa-+C,H;0OH, 
n=2 (solvent: H,O) 


45 | CH,;Br+Nal + CH,I-+NaBr, n=2 
(solyent: H,Q) 


16 | 2H.C = HC —HC =CH, 
CH, — CH,— CH, 
— CH,=—C n=Z 
CH,— CH = CH, 


17 | CH, +H,0 =CO-+3H.,, n=2 


T, K 


1.419x10-4 
4.130 10-4 
1.119«1073 
2.999 x 10-3 
7.499 x 10-3 
1.786 x 107? 
4.083 « 10-4 
24.378 
48.865 
93 .540 
122.460 
216.272 
369.828 
8.395 x 1072 
2.075107 
7.901072 
2.032 


or 
ita 
on 
bo 


oo = 
on 
Qo 
==> 


| we) 
mono kb oe > - — 


1 
8 
4 
az) 
84.4 
0.141074 
0.28 1074 
0.141073 
0.012 
0.018 
0.024 


~ 
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CHAPTER 25 


Kineties of Photochemical 
and Chain Reactions 


Basic Equations and Symbols 


The relationship between the intensity of the luminous flux passing 
through a solution layer having a thickness / and the number n of 
molecules of the medium is given by the Lambert-Beer law 


I = Iye7hr (25.4) 


where J is the luminous flux intensity after absorption in a solution 
layer 2 cm thick, J, is the intensity of the luminous flux before it 
passes through the absorbing layer, k is the molecular absorption 
coefficient, and n is the number of absorbing molecules per cubic 
centimetre. 

The energy absorbed by a medium is given by van't Hoff’s law 


B= id =e) (25.2) 


where £ is the energy absorbed per unit time. 

A quantitative characteristic of photochemical reactions is the 
quantum yield y of the reaction, that is the number of reactant mole- 
cules per absorbed quantum of luminous flux (Stark-Einstein law): 


a Ny! Ma (29.3) 


where y is the quantum yield, n, is the number of molecules per unit 

volume, which have reacted as a result of absorption of luminous 

flux quantum per unit time, and n, is the number of luminous flux 

quanta absorbed per unit time within 1 cm? of solution; n, = E/hv. 
The kinetic equation for a photochemical reaction is 


J -kn 


The rate of a chain reaction with respect to any component equals 
the rate of that chain propagation step in which the component in 
question is formed or spent. For example, if a chain link involves 
two elementary reactions with the reactants being spent and reaction 
products formed in each: 


Ry + Ay > B,+ Ro; Rs + A, > B,+ Rj 


where A; stands for free radicals, then the rate of an unbranched 
chain reaction is given by the equation 


_ @{Ay] a (Bal 


dt dt = ky [Ri] [Ay] 
(25.5) 
adj{A B ; 
— Se = tal = eg [R5] [Aa] 
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While writing the differential equations for the concentrations of 
free radicals, one must take into account the rates of the chain ini- 
tiation and termination processes. As a rule, chain initiation results 
in formation of one of the free radicals participating in the chain reac- 
tion, for instance, R;. If the free radical formation rate is denoted by 
w, and the rates of free radical degradation are denoted by wg, and 
W,,, we have the following equations: 


ot == Wy—- ky [Ri] [Ay] + 42 (Ra) [Az] — way (25.6) 


and 
d [R3] 
dt 


= k, [Ri} [Ay] — #2 [Ra] [A2] — wa, (25.7) 


in which w, is a function of concentration of the initial substances 
or some initiators and is independent of the free radical concentra- 
tions, and wy, and wg, are functions of free radical concentrations. 
Since free radicals are highly active intermediate particles, their 
concentration may be considered steady-state almost throughout the 
process; that is 


Wy = Wg, + Wag (25.8) 


Under steady-state conditions, the rate of chain initiation is equal 
to that of chain termination. If it is assumed that the chain termt- 
nation occurs only at one of the free radicals, then Eq. (29.8) takes 
the form 


Wy = Wg (29.9) 
In the case of linear chain termination, 
Wy = k, [Ry] (25.10) 


The rate of an unbranched chain reaction will be 
w = k; (wy/k,) [Aj] 
in the case of linear chain termination and 
i = Zhe Rel? (209.11) 
and 


w =k; V we 2h [Ay] 


in the case of quadratic chain termination, k, being the chain ter- 
mination rate constant. 

The chain propagation step involving the free radical at which the 
main chain termination takes place is limiting for the chain link, 
and the subscript i relates to the limiting step of chain propagation. 
The chain length v in an unbranched chain reaction equals the chain 
reaction rate divided by that of chain termination (or initiation). 
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Therefore, 
v == (k;/k,) [Aq] (29.12) 
in the case of linear chain termination and 
k; 
— ——_-—_ [A, 25.13 
v= et [AN] (25.13) 


in the case of quadratic chain termination. 

The order of chain reactions with respect to their individual com- 
ponents and the effective rate constant can be determined from the 
kinetics of accumulation of the reaction products or consumption 
of the initial substances. The effective rate constant is essentially 
a combination of those of chain initiation, propagation, and termi- 
nation. The temperature dependence of the effective rate constant is 
given by the Arrhenius equation. In the case of linear chain ter- 
mination, the measured effective activation energy is expressed as 


Pan £4 Bus 2, (25.14) 


where £,, is the activation energy of chain initiation, £, is that of 
the chain propagation reaction involving a less active free radical, 
and £, is the activation energy of chain termination. Similarly, in 
the case of quadratic chain termination, 


Eon = Ey-+ E,—-> Es (25.15) 
The rate of a branched chain reaction can be written as 
d 
a Wy -+ on (25.16) 


where 7 is the total concentration of free valences, w, is the chain 
initiation rate, and q is the difference between the rates of chain bran- 
ching and termination. If both processes are of the first order with 
respect to the free radical concentration, the rates can be expressed 
as fn and gn. Then, 


on _w,—(q—fyn (25.17) 


Written in this form, Eq. (25.17) corresponds to chain branching 
reactions. If g > /, a steady-state concentration of free radicals is 


established in the system: 
nm = w/(q — f) (25.18) 
The occurrence of the chain branching reaction merely increases the 


steady-state concentration, which is equivalent to a decrease in the 
chain termination rate at f = 0. Then, a steady-state reaction oc- 
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curs in the system, whose kinetics is basically the same as for un- 
branched chain reactions. If f >> q and f — q = o > 0, integration 
of Eq. (25.16) gives 


n=—> (evt— f) (25.19) 


or, at gi > 1, 
n= y e?t — Aevt (25.20) 


As can be inferred from Eq. (25.20), the free radical concentration 
progressively increases, just as the chain reaction rate. Every 1/@ 
s, the free radical concentration and, consequently, the chain reac- 
tion rate increases by a factor of e, and within a time period equal 
to several 1/p explosive reactions take place where none were ob- 
served. Chain branching reactions are characterized by two clearly 
defined sets of conditions. If the chain termination rate exceeds that 
of chain branching, the process takes a steady-state course and its 
rate is immeasurably small. lf the chain termination rate is less 
than the rate of branching, we are dealing with an unsteady self- 
accelerating process at the end of which the mixture undergoes chain 
combustion. Transition from the condition g > f to f > q may take 
place if slight change occurs in one of the parameters determining 
the rate of chain termination or branching, such as pressure, tem- 
perature, composition of the mixture, size of the reaction vessel, and 
the state of its walls. Thus, a slight change in one of the above para- 
meters may cause a Slow steady-state reaction to become a fast ex- 
plosive process and vice versa. Such phenomena in chemical kine- 
tics are referred to as limiting or critical. The value of the parameter 
triggering the transition from one set of conditions to the other is 
known as the inflammation limit. 


Exercises 


{. Proceeding from the following data, determine the quantum yield 
of uranyl oxalate dissociation for each wavelength: 


Number of 
Wavelength, nm | dissociated oxalate basen arty peat al el Serica tae 
365.5 ().0592 6.18 10.58 
365.5 0.0498 4.32 8.93 
435.8 0.0242 2.10 3.64 


435.8 0.0208 1.79 3.10 
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Solution. Calculate the quantum yield at 365.3 nm, using Eq. (20.3) 


__ humber of dissociated molecules —_- 55.18 K 1078 0.490 
~ number of absorbed photons 10.58 x 1018 " 


For the rest of measurements, y equals 0.490, 0.483, 0.576, and 
0.977, respectively. 

2. The photochemical bromination of toluene proceeds according 
to the following overall equation: 


Br.+C,H,CH, > C,H,CH,CH,C,H;-+-HBr-+C,H,CH2Br 


The reaction is based on a chain mechanism, as suggested by the 
high quantum yield. Represent schematically the chain reaction 
mechanism if the chain terminates at the free benzyl radical and 
free radicals result from photochemical decomposition of Br,. Write 
the stoichiometric equation of the chain reaction if the chain length 
is v. Determine the number of Br, and GgH;CH, molecules spent in 
the reaction and that of C,H,CH,CH,C,H,, HBr, and C,H,;CH,Br 
molecules forming within a chain if its length is v = 90. 

Solution. Chain reactions are composite ones and, strictly speak- 
ing, they cannot be described by a single stoichiometric equation. 
The reason is that chain termination often gives rise to some side 
substances. The toluene bromination reaction proceeds according to 
the following mechanism: 


Br, +h -—m™2Br” Initiation reaction 


<n + Br ~< >t; + HBr , 
Chain 
propagation 
< tt + Br, —> < acu, Br + Br 


According to the statement of the problem, the chain terminates at 
the benzyl radical: 


te 
tion 


Since the chain length is v, the (v + 1) link will be incomplete. 
As a result, a toluene molecule will be spent in the last link, an HBr 
molecule will be formed, but no benzyl bromide will be formed, and 
no Br, molecule will be spent. If it is also borne in mind that half 
of the Br, molecule was spent in the course of chain initiation, the 
complete equation of the process can be written as 


( vt) Bro-+(v-+4)C,H,CH, > <- CeHsCH,CH;CeH, 


-+(v-+1)HBr-+ vC,H,CH.Br 
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This expression can be regarded as the stoichiometric equation of 

the chain reaction. In contrast with ordinary stoichiometric equa- 

tions, the quantity v depends on the reaction conditions. 
Determine the number of molecules formed and spent at v = a0: 


50-'/, Br, , SICGHsCHs - he <  >- cHh—cH,—-€ > 


SIHBr, SOC; H, CHBr 


3. The kinetics of photochemical chlorination of formic acid in 
the gas phase is given by the differential equation 


—— AC ~~ k{Cl.][ HCOOH] 


We are dealing here with a chain reaction, which is indicated by 
the high quantum efficiency. Derive - differential equation for 
the following reaction: 


Cla+aAv —. 2Cl° (Chain initiation) 
k 
Cl*+-HCOOH — HCI-+-COOH 
ho (Chain propagation) 
Cl.+-COOH -— HCl+Co,.+Cl° 
h 
Cl* + wall — Clads (Chain termination) 


Solution. To determine the rate of this chain reaction use the 
formula 


Since the chain terminates at the Cl atom, it may be assumed that 
k, = k,, [Ai] = [HCOOH]. Since w, = k, [Cl,), then 


wa Hobs “os [Cl,} [HCOOH] 


Hence, 


4. The photochemical oxidation - ns dibenzyl ether (CH,CH,),O 
with molecular <=. in the liquid phase proceeds as follows: 


RH+hv —> R- (Chain initiation) 
Ry 
R*+O0, > RO. 
he (Chain propagation) 
RO; +RH— ROVH-+R° 


R3 | 
RO; +RO3 — (Chain termination) 
29-0878 
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The activation energy of the reaction is E = 28.0 kJ, the luminous 
flux intensity is 10-7 E litre-!s-!, and the reaction rate isw = 9.5 X 
10-§ mole litre-! s-!. The chain initiation rate measured by the 
inhibitor method is w, = 9 xX 107° mole litre-’ s“'. The activation 
energy of oxidation of dibenzyl ether in the case of initiation with 
azo-iso-butyronitrile is E = 93.6 kJ, and that of its dissociation is 
E = 128.9 kJ. Calculate the chain length and the activation energy 
of each step. 

Solution. The kinetics of the unbranched chain reaction is given 
by the equation 


w= ky V w,/2ks [Ai] 


Since [A;] = [RH] and k; = k,, then w = 7 VY w, [RHI]. Con- 


sequently, 


9 —6 
PE ses V2X9.5x10% _ 8.9 x 10-3 mole7!/2 litret/2 s71/2 
V ks V 9x10-®§ x5 


The reaction chain length will be v = w/w, = 105. The activation 
energy is & = 0.0#k, + EF, — 0.523. Since photochemical initia- 
tion is an elementary photochemical reaction, its activation energy 
is zero. Hence, 


E,—— Ey = 28.5 kJ 
Since 
EE, — V.ok, = FE — 0.0L, = 93.6 — 0.5 & 128.9 = 28.9 k] 


Insofar as the activation energy of the processes of recombination 
and disproportionation of free radicals approaches zero, E, — 0.5F3~ 


i 

o. A cylindrical quartz vessel 4 cm in diameter is filled with a 
stoichiometric mixture 2H, + O, under a pressure of 10 mm Hg 
and at 788 K, and a chain reaction takes place in it. Calculate the 
rate constant of degradation of the H atoms if the efficiency of their 
capture by quartz is €y = 1.3 xX 107%. The diameter of H atoms 
is Oy = 1.90 x 107° cm, that of H, molecules is og, = 2.40 x 
10-° cm, and that of O, molecules, oo, = 2.98 x 10-® cm. 

Solution. For a cylindrical vessel, the chain termination rate con- 
stant 1s 


4 
(r?/8D) + (2r/€u) 


—_ey 


ky = 


where r is the radius of the vessel, D is the diffusion coefficient, and u 
is the relative velocity of the atoms. 
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To calculate the diffusion coefficient use the following formula 
from the molecular-kinetic theory of gases: 


D: = Vouk 
in which a is the velocity of the particles, and A is the free path 


length: 


where o; is the cross section of collisions of the free radical with the 
ith particle out of all particles present in the reaction vessel, n; 


is the number of i particles per cm?, and w is the relative velocity 
of the free radicals and i particles. For this system, 


2 
|) 


3° gyuyny+ Oglony 


The relative velocities of the H and H,, H and O, are 


— SRT “Bx 8.31 X 10° X 788 
oa V sare = VY Six. — = 5.05 x 10° cm/s 
8x 8.31 x 10" x 788 : 
Uo = bf eee mine —4.2 10 cm/s 
The number of H, and O, molecules per cm? will be 
19 
ny = PS OSTRIN' =8.2 x 105? 
19 
Ny = Pa OSTRIE = 44x 10? 


The relative velocity of one molecule is 


7 
rie EL EEE ee a 105 em/s 


The cross sections of collisions of H with H, and O, are 


I et m (0.95 + 1.20)? x 10716 = 1.45 x 107! cm? 


x (“as on) * = 7 (0.95 + 1.49)? x 1071 = 1.89 x 10745 em2 


Hence, 
pat (4.45 x 105)2 
~ 3 1.45 x10 x 5.05 X 10° X 8.2 x 1018P 
44.89 < 10-25 x 4.1 X 109 XA4.2 X10°P 
4 17.22 x 10° 6.2 103 5 
— 3 €OxXPL6l5bIxP  P cm/s 


29* 
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Then, 
2 2 
a = eer = 8X10 x P s=8x 104 5 
and 
or 1 _ 3 
$,  1-.3xX10-°X4.15x108 aes 
Consequently, 


4 _ 1 _ = 
y= 8x 1074-+7.41073 ~ 8.2x107% s 122s 


Problems 


1. A quartz reactor containing benzene saturated with 10% chlo- 
rine was exposed to a luminous flux (A = 313 nm). The exposure time 
was 35 min. The reaction has yielded hexachlorocyclohexane. De- 
termine the quantum efficiency of the reaction if the energy passing 
through the quartz reactor containing pure benzene is 46.81 J and 
that passing through the reactor during the reaction’ is 4.25 J. The 
yield of C,H,Cl, was 1.8 g. 

2. When a luminous flux at 4 = 400 nm was passed through 
a reactor in which the reaction CO + Cl, = COC), took place, 100 g 
of phosgene were produced: the amount of the electromagnetic energy 
absorbed by the gas was F,,, = 3 X 10° J. Calculate the quantum 
efficiency. 

3. For a reaction yielding 1 mole of ozone with a quantum ef- 
ficiency yp = 3, determine the amount of the electromagnetic energy 
at A = 207 nm to be absorbed by oxygen as it converts into ozone: 
30, = 203. 

4. Thermal decomposition of acetone at 078 K is 25% complete 
within 90.9 s, and at 601 K it is 25% complete within 31 s. Its photo- 
chemical decomposition takes place at a wavelength of 313 nm with 
a quantum efficiency y = 2. Calculate the rate constant of the mono- 
molecular thermal decomposition of acetone, the activation energy 
of this process, and the expenditure of electromagnetic energy 
(J/mole) in the photochemical process. Will the total electromagnetic 
energy expenditure correspond to the calculated value? 

». Calculate the activation energy for the reaction 


CH,CICOOH +- H,O = CH,(OH)COOH + HCl 


if kyegK = 2.22 K 10° min@ and k4o3~ = 2.37 & 107-3 min-! and 
compare it with the energy received by the system during photoche- 
mical activation by illumination at a wavelength of 253.7 nm with 
a quantum efficiency y = 1. How will the valence of chlorine change 
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in this reaction? How and why will the electrolytic conductance 
change in the course of time? 

6. Derive a system of equations for chain initiation and propa- 
gation in the gaseous mixture H, + Cl, during the photochemical 
reaction. Will a luminous flux at } = 475.8 nm be sufficient for 
chain. initiation? What are the heats of the elementary steps? Calcu- 
late the amount of absorbed luminous energy during formation of 
4 mole HC) with a quantum efficiency y = 10°. Mark the free radicals 
with dots. 

7. The kinetics of photochemical chlorination of tetrachloroethyl- 
ene in a CCI, solution is given by the equation 


djC,Cl 
eras! = k{Cly}*/* 


The high quantum efficiency indicates that this is a chain reaction, 
which is also indicated by the fractional order of the reaction. De- 
rive the reduced differential equation if the reaction proceeds as 
follows: 


k 
Ch, + kv —- 2Ccl° (Chain initiation) 
k 
Cl'+C,Cl,  — ‘CCl, 
ha (Chain propagation) 
*CoCI1,+Clh, —» Cl*+C,Cl, 


k 
*C.Cl; + °C,Cl, > C,Clg+C.Cl, (Chain termination) 


8. The kinetics of thermal decomposition of dichloroethane in the 
gas phase is given by the first-order equation 


__4{CaH,Cls) 


dt = k(C,H,Cl,] 


Derive the reduced differential equation if the reaction proceeds 
as follows: 


ko 
C,H,Cl, —> °C,H,Cl+ Cl’ (Chain initiation) 


k 
C.H,Cl,4+ Cl° — C.H,C),+ HCl 

ha (Chain propagation) 
°C, HsCl, ~—> C,H,CI-+- Cl’ 


k 
C,H,C), + wall —> (Chain termination) 
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9. The following mechanism has been proposed for thermal de- 
composition of ethylene oxide: 


k 
CH,—CH, — CH,—CH*+H* (Chain initiation) 
NA NA 


P R 
CH,—CH — CH;+Co 
No ye 
: (Chain propagation) 
CH,—CH,+CH; — CH,—CH*+CH, 
i ae Ne 


OQ O 


k 
CH, —CH* + CH; a (Stable products) 


Assuming that the radical concentrations are steady, prove that 
the decomposition reaction is of the first order with respect to eth- 
ylene oxide. 

10. At 300 K, the dissociation of cyclopropane (C) yielding pro- 
pylene (P) involves intermediate formation of the trimethylene bi- 
radical (T). 


Rk 
C= 7+226.8 kJ, AS? x 42.0 J mole! K*! 
ko 


T “3 p_-258.2 kJ, AS*°=8.4 J mole K-1 
C —+ P—31.4 kJ/mole, AS°=33.6 J mole K~! 


Express the isomerization rate in terms of the constants k,, k,, and 
k, (ignore pressure variations). Calculate the total activation energy 
of isomerization if the activation energy for k, is 46.2 kJ/mole and 
E, = 16.8 kJ/mole. Calculate the mean lifetime of the particle T 
in the system if kj, = 1 « 10'4.s-!. Determine the rate constant for 
the overall decomposition process if the pre-exponential factor is 
Kos = 2 X 108 5-1, 

41. The reaction of CH, oxidation with oxygen 

CH,+0, + CO.+H,.0 


was conducted with photosensitization: 


Av 
He — Hg* 
CH,+ Hg* — Hg*+°CH,-+°H 
The °CH, radicals react with O, yielding a mixture of products CO,, 


gy? 
CO, and HOC . The main reaction product is carbon dioxide, 
H 
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CO,. The amount of reacted CH, was 6.1 x 10* molecules/s, The 
electromagnetic energy was 8.7 x 10-14 J/s, the experimental tem- 
perature was 298 K, and A = 253.7 nm. Determine the quantum 
efficiency of the seaction. 

{2. The photosensitized reaction between bromide and hydrogen 
with excess H, at 423 K is a chain process and proceeds as follows: 


Bre+hv — > 2Br (Chain initiation) 
t 

Br+ Hz = HBr+H (Mixed second-order reaction) 
2 
3 

H+ Bre -> HBr-+Br (Mixed second-order reaction) 


Br+ Br+H, “ Breat+H,. (Mixed third-order reaction) 

Using the steady concentration method, express the steady con- 
centrations of the H and Br atoms in terms of concentrations of the 
other products, rate constants, and the initiation reaction rate. 
Write the differential equation for the steady HBr formation rate. 
Calculate the quantum efficiency of HBr formation. Under what con- 
ditions will the quantum efficiency-be maximum? What is the phys- 
ics behind this phenomenon? 

13. The chain reaction of O, dissociation in the gas phase, which 
is catalyzed by N,O;, proceeds as follows: 


ky 
N20; aa NO.+NOs (1,2 <€ 4) (1, 2) 
2 : 
kg 
NO.+0; —> NO; -+ Oz (3) 
- &Rk 
2NO, —> 2NO2 +0, (4) 


Assuming that reaction (1) is of the first order, while the rest of 
the reactions are of the second order, write the equations for the 
rates at which the initial substances are spent and the end and in- 
termediate products accumulate. Use the steady concentration me- 
thod to calculate the steady concentrations of NO, and NOs. Ex- 
press the O, spending rate in terms of O, and N,O, concentrations 
(NO, is not spent in the reaction). Write the equation for the O, 


spending rate if the reaction O, + NO hick 20, + NO, is substituted 
into the above scheme for reaction (4). Is it possible to establish 
experimentally the difference between the derived rate equations? 
14. The reaction of thermal decomposition of ozone proceeds as 
follows: 
ki 
O;+M — 0.+0+M 
2 


Rg 
O+0O, — 20, 
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where M is a valence-saturated molecule. Using the steady concen- 
tration method, derive the equation for the ozone decomposition rate: 


__ af[Os) __ 2k ks{O3)?[M] 
dt —— al O2)[M} + kslO5} 


Use this equation and the activation energies E, = 103.0 kJ/mole, 
E, =0 kJ/mole, and E; = 12.6 kJ/mole to calculate the effective 
activation energy for the ozone decomposition reaction (a) in a com- 
plete absence of oxygen and (b) with excess oxygen. 

15. Use the steady concentration method to derive the expression 
for the rate of the reaction between chlorine and hydrogen. proceed- 
ing as follows: 


Ry 

Cl,-+M — 2Cl--M 
R 

Cl--+H, — HCI+-H 


a: 
H-+Cl, — HCI+Cl 


ha 
H+0, — HO, 


Rs 

Cl+0, — ClO, 
h 

, CI-X — CX 


where M is a substance (which may be the reaction vessel surface as 
well) that affects the dissociation of chlorine molecules, and X is a 
substance that binds the chlorine atoms. The rate of hydrogen chlo- 
ride formation may be assumed equal to k, (HI [CI,]. Since hk, < 
k,, the terms with [H] [O,]? can be ignored. 

Derive the expression for the reaction rate (a) in complete absence 
of oxygen and (b) in the presence of oxygen. Proceeding from the fol- 
lowing values: #, = 117.4 kJ/mole, £, = 25.2 kJ/mole, EZ, = 
8.4 kJ/mole, E, = 0 kJ/mole, and E, —=0 kJ/mole, calculate the 
effective activation energy for both cases. 

16. The mechanism of the reaction H, + Br, = 2HBr is 


Ay 

Bre — 2Br 
R 

Br+H, — HBr-+H 
hk 

H+Br, — HBr+Br 


k 
H+HBr — H,+Br 
h 
2Br a2 Br. 
The chain carriers are the hydrogen and bromine atoms. The 
hydrogen bromide formation rate is given by the equation 


TL — eg Br} [Hp] + kgf H]{ Bro] — keg HJ[HBry 


Ch. 25 Kinetics of Photochemical and Chain Reactions 457 


Some transformations and substitutions give the following equation: 


a{HBr) —— 2ke(ky/ks)*/*[Hel[Bra]*/? 
dt = 4+ (k4/ks)/([HBr]/[Bre]) 


Use this equation and the following values of the activation energy: 
EE, = 189.5 kJ/mole, Ey — 740 kJ/mole, FE; = 5.04 kJ/mole, E,= 
5.04 kJ/mole, and E, = 0 kJ/mole, calculate the effective activation 
energy of the vonstion between bromine and hydrogen (a) at the 
onset of the process and (b) with high excess of hydrogen bromide. 
{7. Calculate the activation energy for the chain initiation reac- 

tion involved in oxidation of butane if the reaction parameters 100 s 
after its onset are as follows: 

T, K 540 043 D0G 

g, s7 2.5 10-2 2.3102 2.0 x 107 

n, cm? st 2.16 x 10° 4.98 x 10° 1.86 « 10° 


The oxidation of butane is a branched chain reaction. 
18. Experiments with the chain reaction of isopropyl benzene 


oxidation: 


CH; 
lr | 
= Cc" +0, COO° +RH 
| ——» | —__ 
ioe CH; CH; 
CH CH, 
| 
COOH CO" +RH COH 
CH; CH; CH3 
have yielded the following results: 
t, h w, mole Jitre-1 h~1 | wg, mole litre-1 h-1 ikon [RH], mole/litre 


1.00 0.20 0.106 0.630 10 
2.00 0.447 —_ — — 
2.83 Q 556 _ — — 
3.67 0.790 — — — 


Determine the chain length and write the expression for the chain 


branching rate. 
19. Figure 48 shows the inflammability limits for the CO + O, 
system. Describe the relationship between these limits and temper- 
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ature as well as the composition of the gaseous mixture and explain 
the low and upper inflammability limits. What radicals can lower 
the ignition temperature in the presence of moisture in this gaseous 
mixture? 


P, mm Hg 
60 


40 ] 


20 


580 600 620 640 £660 7,K 


Fig. 48. Inflammability limits at different O, contents: 
I—90% O2; 2—33% O, 


20. A spherical quartz vesse} 10 cm in diameter is filled with the 
stoichiometric mixture 2H, + O, under a pressure of 20 mm Hg 
and at 515 K, and a chain reaction takes place in this vessel. Calcu- 
late the rate constant of degradation of the H atoms if the efficiency 
of their capture with quartz is €éy = 1.5 x 107%. The atomic dia- 
meters are as follows (cm): H 1.90 x 10-8, H, 2.40 x 10-8, O, 
298 x 10-8. 

21. Determine the energy of the absorbed light in the photochem- 


ical reaction Br, + C.H,. i C,H,,Br + HBr if one mole of Br, 
reacts during illumination. The monochromatic light wavelength 
is 470 nm. The quantum efficiency is y = 1. 

22. Determine the energy of the absorbed light in the photochem- 


ical reaction CH,COOH bid CH, + CO, if one mole of acetic acid 
reacts during illumination. The monochromatic light wavelength 
is 230 nm. The quantum efficiency is y = 0.9. 

23. Proceeding from the data of the handbook, determine the ener- 
gy of the monochromatic light absorbed during dissociation of one 


mole of CH,COCH, in the reaction CH,COCH, he on: + CO pro- 
ceeding in the gas phase at 332 K. 


Multivariant Problem 


The reaction A, -+ A, = B, + B, is an unbranched chain reaction. 
The chain initiation results from interaction between a light quan- 
tum and one of the reactants or from heating. Assuming that the 
chain propagation reaction involves two elementary steps and that 
the chain termination occurs at one of the free radicals participating 
in the process, (1) write the scheme of the expected chain reaction 
mechanism, (2) derive the stoichiometric equation of the chain reac- 
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tion, based on the chain length v, (3) derive the kinetic equation for 
the reaction under consideration, proceeding from the proposed mech- 
anism and prove that, depending on the nature of the free radical 
at which the chain terminates, the reaction can be described by differ- 
ent kinetic equations, and (4) determine the number of A, molecules 
spent and that of B, moleculés formed in the chain if the chain length 
is v. 


o> be = SS =m OD! 
iy 2B] 42 | 2 IC. 
“2 SS" ESs 9/8 caw a Ce 
& Reaction SY¢aF bos no oe ao 5 
gSSsSESIE | 9383 Aa || «Be | M 
> BEBESSEG>| acs Ag ge ie 
hv 
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y CoH, -+-6C], we Ch, 45 -C,H, Cl. C.Cl, 298 
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CHAPTER 26 


Diffusion. 
Kinetics of Heterogeneous Processes 


? 


Basic Equations and Symbols 


The diffusion process is given by Fick’s equations. The differential 
form of the first equation is 


dn 


and that of the second equation is 
Oc Oc 
(S-),=D (> ), (26.2) 


‘where dn stands for the amount of a substance passing through the 
surface having area S within time dt, in moles, < (grad c) being the 


concentration gradient. The latter depends on the concentration 
| —— a (c) | . In a steady flow, 


dc _ _ ere 
“as const = AG 
($3) is the change in the concentration of the substance undergoing 
x 
diffusion at a given point in the system, in the course of time; D is the 
diffusion coefficient; 


D = D,e-EoiRT (26.3) 


where D, is a constant, and £, is the activation energy of the diffu- 
sion process. The integral forms of Fick's equations are as follows: 
the first equation for steady flow 


J ie) => co —~D = — § (26.4) 

the second equation (for nonsteady flow if the diffusion occurs in 
a body of infinite extent, which means that z varies from —oo to 
+ oo) has the solution 


c= 2 (t—erf Z) (26.5) 
Then 
5 ee Dn (26.6) 
(x=0) Vn t t . 
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If diffusion takes place in a semi-infinite (semi-bounded) body (with 
x varying from 0 to + oo), the solution takes the form 


c=c, (1 —erf Z) (26.7) 
2Cs / D 
J i(x=0) ca "e V tr 7 (26.8) 


where erf Z is the Gaussian error function. The value of erf Z is given 
in reference books as a function of Z: 


a 26.9 
2Yy Dt ( 
Some limiting values of Z and the corresponding values of erf Z 


are given below: 
ZO 32.8 <0.7 


erfZ OQ 1 Z 
Equations (26.5) through (26.8) are applicable provided 
15.6) Dt (26.10) 


where 1 = Xmax is the thickness of the substance layer in which the 
diffusion occurs; 


5.6V Dt=L (26.10a) 


where Z is the distance covered by the diffusion front within time 
interval f. 

The diffusion coellicient can be expressed as the friction coefficient 
in the Stokes-Einstein equation 

RT 
D= N a6nyr 

in which 1 is the viscosity coefficient, and r is the radius of the spher- 
ical particles involved in the diffusion. 

The rate of dissolution with constant agitation is given by Fick’s 
equation whose differential form is 


d DS 
ap = pe ese) (26.12) 


(26.14) 


where D is the diffusion coefficient of the solute, S is the area of the 
solute surface, V is the solvent volume, 6 is the thickness of the sur- 
face layer, c; is the concentration of the saturated solution, in 
mole/litre, and c is the solution concentration. 


DS/V§ — Raves) (26.13) 


Ifc = const, dissolution becomes a steady-state process, (c, — c)/6 
= const, and the integral form of Eq. (26.12) is 


An = DS/V6 (cs — c) t (26.14) 
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where An is the amount of the substance dissolved within time in- 
terval f. 
If the concentration c changes during dissolution, then 


_ 2.3 Cs Ci 
Katssol so a TS log Ves (26.10) 
The effective rate constant for a heterogeneous monomolecular 


reaction 
Acs) + Bee or tig) ~ Solution 


(the agitation rate being constant) is 
k*® — Bk/(k + B) (26.16) 
where & is the rate constant of the first-order chemical reaction prop- 


er, and f is the diffusion rate constant (the rate at which the sub- 
stance is transferred into the reaction zone per unit surface area 


B = D/§ (26.17) 
5 being the distance covered by the transferred reactant. 


For a reaction proceeding in the diffusion region (k* = 8), the 
kinetic equations take the following form: differential form 


d 
— ~~ = BS (¢ — ep) (26.18) 


in which c and c, stand for the concentrations of reactant B within 
the solution and near the surface of reactant A, respectively. At 
C=C, 


de S 
integral form: 
| LN (26.20) 
_ to—ty 8 Ca : 
D S$ 


With reactions of the Ag)-+Bigy=ABg) type, when the layer 
formed by reaction product AB is porous and does not hinder 
contact between reactants A and B and the reaction proceeds in 
the kinetic region, the reaction may be of the zeroth, first, second, 
and fractional order. In the case of zeroth-order reactions, the 
integral form of the kinetic equation is 

OO Kt (26.22) 
where Am is the increase in the weight of reactant A as a result 
of formation of the AB layer on it, S is the reaction surface area 
(S =const), and k is the rate constant. 
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If reactant A and B contact through a dense layer of AB, the reac- 
tion is, as a rule, limited by diffusion, and the integral form of the 
kinetic equation is a parabolic equation: 

Am \2 ” 

(=) =k" (26.23) 
where k” is the rate constant proportional to the coefficient D of diffu- 
sion of reactant A or B through the layer of end product AB. 

The evaporation rate is given by the equation 


__ Ps 
V 2nMRT 
where J eyap is the number of moles of the liquid, evaporated per 


unit time from unit surface area (evaporation rate), and P, is the 
saturated vapour pressure. 


J evap = 


(26.24) 


Exercises 


1. A specimen of an alloy of metals A and B, 0.5 cm long, has been 
welded to a specimen of metal B of the same length. Determine the 
time it will take for a relative concentration of metal A (c,a/c,) to 
become equal to Q.2 inside the pure ingot of metal B, as a result of 
diffusion from the alloy, at distances of 0.01 and 0.2 cm from the weld, 
and for the diffusion coefficient (D = const) to become equal to 
2x 10-® cm?/s. 

Solution. To determine the diffusion time use Fick’s equations 
(26.5) and (26.9). First, calculate ¢ for z = 0.01 cm after having 
determined Z from the equation 


eleg=— (l—erfZ), 0.2=5(1—erfZ), erfZ=06%Z 


Then, calculate ¢ using the equation 


\ — = 
2Y At Z2VD 0.6xXx2V¥2x 10-9 


Check the validity of the results and applicability of Eq. (26.5). 
To this end, substitute the found values into Eq. (26.10): 


0.55>5.6 V 2 x 10° x 9.6 x 3600 >> 0.046 
The conditions under which Eq. (26.5) is applicable are met: 
L (Xmax) > 9.6 V Dt 


Repeat the calculation and determine t for x = ().2 cm: 


Wit Beate ee, 9.2 8re I 
2Y 2x10-° ¢ 
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Check whether Eq. (26.5) is applicable for + = 0.2 cm: 


0.5>>5.6 V 2x 10° x 3875 x 3600 > 0.93 


The applicability condition is not met: / (tmax) << 5.6 V Dt. The last 
result is not valid. 

2. Calculate the time it will take for the width of the diffuse zone 
between alloy AB and metal B to become equal to 0.1 cm and D = 
const = 2 x 10-° cm/s. 

Solution. The width § of the diffuse zone in the case of diffusion in 
an infinitely long body (implying the distance between the diffusion 
fronts) is 22 or 


§6-2L=—2x56)V Dt, 2.56V2x10°t=0.4, t=ith 


3. A sugar layer has been placed on the bottom of a cylindrical 
vessel filled with water. As the sugar dissolves, it diffuses into the 
solution. The solution above the sugar is saturated, and its concen- 
tration c, is constant. The height of the water column is 20 cm. Calcu- 
late the distance xz from the sugar-solution interface, at which the rel- 
ative concentration c/c, becomes equal to 0.8 after 16 days; D = 
0.25 cm?/day. Remember that, according to Eq. (26.10), for the 
above conditions (t, D) 1 = 11.2 cm at 298 K. 

Solution. Since we are dealing with nonsteady diffusion in a semi- 
infinite space, use Eqs. (26.7) and (26.9) for the calculation: 


0.8=(1—erfZ), erfZ=—0.2, Z=0.2 
0.2—2/2V0.25x« 16, x=0.8 cm 


Equation (26.7) is applicable to the above conditions because 1 > x 
(11.2 > 0.8). 

4. A sugar layer has been placed on the bottom of a cylindrical 
vessel filled with water. As the sugar dissolves, it diffuses into the 
solution. The solution above the sugar is saturated and its concen- 
tration c, is constant. The height of the water column is 20 cm, and 
D = 0.25 em*/day. Calculate the amount of sugar that will pass into 
the solution from 1 cm? of the surface within 16 days if c, = 2.565 
mole/litre. 

Solution. Calculate the number of moles of the sugar dissolved 
within 16 days using Eq. (26.8): 


= ope “D es _ 2X 2.960, 565 0.25 25 = 4 —4 —4 -2 
J= 2 ca 700 a a = 2.61 x 107? mole h™ cm 
= Jt = 2.61 x 10-* x 16 = 5.776 x 107-3 mole cm? 
Meygar = 0-176 X 107% K 342.3 = 1.977 g/cm? 
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5. Calculate the radius of a protein molecule if the coefficient of 
its diffusion in a sugar solution is D = 6.39 x 1077 cm?/s, T = 
298 K. Assume that the protein molecules are spherical. 

Solution. To calculate the molecular radius of the protein use 
the equation 

RT 
DN g6ny 


where y = 1.227 x 10°-* Pa s (handbook); 


~ (6.39 x 10-4? m/s) (6.02 x 1073 mole!) 6 x 3.14 (1.227 K 10~% Pa s) 


=2.79x 10° m 


6. A benzoic acid pellet surface area S = 2 cm? has been placed 
in a benzoic acid solution. The solution volume was 20 litres and 
the concentration was 0.003 mole/litre. The solution was stirred so 
that 0.001 mole C,H,COOH was dissolved within 5 min. It may be 
assumed that the solution concentration remained virtually the same. 
The acid concentration in the saturated solution wasc, = 0.024 mole/ 
litre (298 K). The benzoic acid diffusion coefficient was D = 0.75 cm?/ 
day. Calculate the dissolution rate constant /, the diffusion rate 6, 
and the surface layer thickness 6. 

Solution. The concentration at the surface layer-pellet interface 
is constant and equal to c,. The concentration in the solution within 
the same period of time is also constant, therefore, the flow of the 
substance through the surface layer may be considered steady and 


Tr" 


Syd Eq. (26.13) to calculate the rate constants after having found 
DS/8: 


DS ss An————s«0.004 XBOX 2K , 
5 t(ts—c)  5(0.024--0.003) = 13714 cm9/day 


Substitute the numbers into Eq. (26.13): 


13 714 a D 13 714 
= apie = 0.6857 day, P=—— => = 6857 cm/day 
Ge, SEK 4 16 on 


73714 13744 


7. The concentration of an acid in a saturated solution is c, = 
Q.024 mole/litre (298 K). The coefficient D for C,H,COOH is 
0.79 cm*/day. The solution concentration varies in the course of 
30-0878 


466 Problems and Exercises in Physical Chemistry 


dissolution. A benzoic acid pellet with surface area S = 2 cm? is 
placed in the benzoic acid solution. The volume cf the solution is 
20 litres, and its concentration is 0.003 mole/litre. The solution is 
stirred, and 0.001 mole C,H,COOH is dissolved within 5 min. De- 
termine the time it will take for the solution concentration to reach 
0.012 mole/litre. 

Solution. Since the solution concentration varies within the time 
period under consideration, the concentration gradient in the surface 
layer also varies, that is diffusion process is not steady. Use Eq.(26.15). 
Since t, = 0 and c, = 0, we have 


k= ; log 


2 Cs— C9 


Substitute the numbers and solve the equation for f: 


2.3 0.024—0.003 __ 
be = R87 log 540 1 =: 0.815 day or 19.55 h 


8. Metallic zinc with a surface area of 20 cm? was dissolved at 298 K 
in 700 cm? of sulphuric acid according to the equation 


Zn + H,SO, = Znso, — H, 
Calculate the diffusion rate B and the diffusion layer thickness ratio 


6,/53 in experiments 1 and 3, proceeding from the following data: 
The agitation speed is 400 rpm 


Experiment | 2 
t, h 0 0.5 4 
CH.s0, g-eduiv/litre 0.153 0.118 0.090 
The agitation speed is 216 rpm 
Experiment 3 
t, h 0 0.5 
CHso, g-equiv/litre 0.080 0.069 


Solution. Determine the dissolution rate constant using Eqs. (26.20) 
and (26.21). At t = 0, 


Determine the diffusion rate & for experiment 1: 


ky oS log 777s = 0.519 ht 


Vk 700 XO. 
By = = = 18.27 cmsh 
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Do the same for experiment 3: 
ke, = 2:3 log 2:98° — 0.296 ho! 


3—~ 0.5 0.069 
8, = 700 — _ 10.32 


Use the obtained values of 6 to calculate the diffusion layer thick-’ 


hess: 
D 6: 3 10.32 _ 9) xe 


D == 
ae sie o= 63 1 = 18.27 
The diffusion layer thickness is reduced almost to one half after chang- 
ing the agitation speed. _— 
9. Air is passed over carbon at a constant pressure, which leads 
to the reaction C + O, + CO,. The measurement results have made 


log k* 


Fig. 49. log k versus 1/7 for the reaction of 
carbon oxidation with atmospheric oxygen 


it possible to determine the effective rate constant &* at different 
temperatures. The measurement and calculation results are summa- 
rized below: 


T, K 777 873 973 1073 411738 1273 1373 1573 
(1/T) x 10° 1.290 1.145 4.026 0.9380 0.85 0.78 0.728 0.636 
k*, cm/s 0.073 0.447 2.15 6.81 13.72 19.49 23.40 26.90 

log k* —1.137 —0.35 0.332 0.832 1.137 1.29 1.369 1.429 


Establish the region in which the reaction occurs and calculate its 
activation energy. 

Solution. Plot log k* versus 1/7 (Fig. 49). Portion de corresponds 
to the kinetic region, i.e. the reaction rate is limited by the kinetics 
proper at 7 << 1100 K,k< B; k = k*. At T > 1100 K, portion cb 
corresponds to the transition region, i.e. the diffusion rate constants B 
and the kinetic rate constants & are commensurate. The relationship 


30* 
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between k*, k, and B is given by Eq. (26.16). Find the activation 
energy £,,, using the equation 


Ex — —tana 2.3R 
where tan @ is determined from the plot of Fig. 49: 
tan @ = 5.573 x 10° 


Calculate the activation energy: 
BE, = 0.073 & 10° X 2.3 x 8.314 = 106.97 kJ/mole 


10. Air is passed over carbon at a constant pressure, which leads 
to the reaction C + O, = CO,. The effective rate constant k* was 
determined at different temperatures. The measurement and calcu- 
lation results are given below: 


T, K 7717 873 973 1073. 1173) =©1273))=— 1873) 15738 
(i/T) x 108 1.290 1.145 1.026 0.930 0.85 0.785 0.728 0.636 
k*, cm/s 0.073 0.447 2.15 6.81 13.72 19.49 23.40 26.90 
log k* —1.137 —0.35 0.332 0.832 1.137 1.29 1.369 1.429 


Derive an equation of the following type: 
log k = A/T + const 


Solution. Comparison of the equation log k = A/T + const with 
Eq. (23.4) gives 


E —25. 
A=. 25.47 X 10 


— 33R = Dacre 9-978 x 108 


To calculate the constant substitute the values of log & and1/T7, 
related to the kinetic region in which the reaction proceeds at 973 K, 
into the equation of interest: 


0.332 = —09.073 xX 107/973 + const 


hence, const = 6.06. Substitution of the numbers gives 
log kt = 6.06 — 5573/T 


11. Air is passed over carbon at a constant pressure, which leads 
to the reaction C + O, = COQO,. The effective rate constant k* was 
determined at different temperatures: 


T, K 7177 873 973 1073 14173 1273 1373 1573 
k*, cm/s 0.073 0.447 2.45 6.81 1.373 19.49 23.40 26.90 


The reaction rate constant is given by the equation 
log A = 6.06 — 9573/T 


Calculate the diffusion rate constant 6 at 1373 K. 
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Solution. Calculate the constant Bf using Eq. (26.16). To this end, 
use k* = 23.40 cm/s at 1373 K. Calculate the kinetic constant with 


the aid of the equation 
log k = 6.06 — (5573/1373) = 2.00, k = 100 cm/s 


Substitution of the numbers into Eq. (26.16) and calculations give 
23.40 = B 100/(100 + B), B = 30.8 cm/s 


12. Studies into the kinetics of the silver bromination reaction 
Ag + 0.5Br, = AgBr have yielded the following results (J = 500K, 
Py, = 170 mm Hg): 

t, Ss 1000 2000 3000 4000 #6000 
(Am/S) X 102, g/em? 1 1.34 4.61 1.84 2.24 
(Am/S)2 x 104, g/em4 14 1.8 2.6 3.4 5 


What conclusions can be drawn as regards the reaction type from the 

experimental results? Calculate the reaction rate constant. 
Solution. Since silver bromide forms on metallic silver in the 

course of the reaction, it may be assumed that the reaction rate will 


( an y : 10% 


2 jun 
C 
, & fem 


2 
Fig. 50. = and (=) 
versus ¢ for the thorium oxi- 9 9 4 6 e ie 3 


dation reaction 


be limited by that of Ag or Br, diffusion through the AgBr layer. 
To verify this assumption plot the Am/S = f (t) (1) and (Am/S)? = 
f (t) (2) curves. The line drawn in the coordinates (Am/S)* vs t 
confirms that the reaction proceeds in the diffusion region. Find the 
rate constant k* from the plot as the slope of the straight line: 


tang =k =8.1 x 10 ®gcem is" 
13. The following results have been obtained in experiments with 
the thorium oxidation reaction Th + O, = ThO, at 598 K: 


t, min { 4 9 46 25 36 «64 
(Am/S) X 108, g/em? = 838—t—«*5“"'S 9 12 15.5 19 25 
(Am/S)? X 1022, g2/em4 9 18.28 81 144 240.25 361 625 
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What reaction mechanism can be inferred from these data? Cal- 
culate the rate constants. 

Solution. Since an oxide layer forms on thorium particles in the 
course of the reaction, it may be assumed that the reaction rate will 
be determined by that of diffusion. To verify this assumption plot 
Am/S vs t and (Am/S)? vs t (Fig. 50). (Am/S)*? = f (#) is represented 
by a straight line, which means that the reaction rate is limited 
by that of diffusion. Consequently, the rate constant will be & = 
tan a = 625/64 = 9.76 x 10-® g?/cm* min. 


Problems 


1. Studies into the rate of dissolution of alabaster, CaSO,, in water 
at 298 K have yielded the following results: 


Dissolution CaSOq4 concentration (g) Dissolution CaSOq concentration (g) 
time, h in 50 cm$ of the solution time, h in 50 cm3 of the solution 
0 0.004 0 0.0270 
0.083 0.0274 0.083 0.0480 
0.167 0.0492 0.167 0.0632 
0.200 0.0566 0.290 0.0736 


The agitation speed is 2235 rpm. The liquid phase volume is 1 litre, 
90 cm* of the saturated solution contain 0.1047 g CaSO, at 298K, 
and the CaSO, lump surface area is 31.55 cm?. The surface layer 
surrounding the lump is 5 X 10°° m thick, and its concentration 
equals that of the saturated solution. Determine the dissolution rate 
constant and the mass transfer coefficient. 

2. A cell filled with water contains a benzoic acid pellet. Water 
always flows in the top part of the cell, and the C,H,COOH concen- 
tration in the flow is zero. The concentration in the saturated solution 
is c, = 0.024 mole/litre. C,H,COOH dissolves and undergoes diffu-' 
sion towards the flowing water. The experimental temperature is 
298 K, the cell area is 2 cm?, the distance to the section of the surface 
of the flowing water is 5 cm, the pellet weighs 1 g, and the diffusion 
coefficient is D = 0.75 cm?/day. Is this a steady process? What is 
the amount of benzoic acid dissolving under the above conditions 
per day? 

3. A piece of marble with a constant surface area dissolves in one 
litre of 1 N HCl, the rate of dissolution within the first minute being 
» g/min. The solution is agitated at a constant speed. Determine the 
volume of COQ, (measured under normal conditions) evolved within 
20 min, as well as the time necessary for evolution of the same volume 
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of gas when an identical piece of marble is immersed into two litres 
of the same acid. 

4. The rate of dissolution of a piece of marble with a constant sur- 
face area in 1 N HClis0.091 mg-equiv/s at the instant when the titre 
of the acid decreases by one fourth of its initial value. How long does 
it take for the concentration to drop to the above level? 

5. Gypsum, CaSO,-2H,0, dissolves in water at 298 K. The agi- 
tation speed is constant. The liquid phase volume is one litre. The sur- 
face area S is invariable and equal, to 31.55 cm*. The diffusion coef- 
ficient is D = 1.45 cm2/day. The',experimental results are as fol- 
lows: 


Time, min 0 5 10 
Solution concentration 0 .027 0.048 0.063 
in 50 cm', g 


Determine the type of flow. Calculate the concentration of the satu- 
rated solution (g) in 50 cm?; k = DS/8V. 

6. A copper ball is rotated in nitric acid and weighed every now 
and then. Its weight decreased from 4.3465 to 4.0463 g within the first 
second and from 4.0463 to 3.7673 g within the next second. The mean 
surface area was 289.93 and 276.40 cm? at these two instants, respec- 
tively. Assuming that the volume of the acid is rather large and its 
concentration remains practically constant, calculate the amount of 
copper to dissolve within the sixth second if the mean surface area 
at that instant is 225.15 cm’. 

7. Fused benzoic acid with a surface area of 18 cm? is immersed into 
water which is agitated at a constant speed. At definite time inter- 
vals, 20 cm*® samples were taken from the solution, and the benzoic 
acid concentration was determined by titration. The surface film 
thickness §6 remained constant. The concentration of the saturated 
benzoic acid solution is 24.3 mmole/litre. The diffusion coefficient 
is D = 0.5 X 107% cm?/min. The titration results are given below: 


Sampling interval, min 12 15 13.3 
Solution concentration 0.795 2.05 3.05 5.05 
before and after sampl- 
ing, mmole/litre 
Liquid phase volume, 1020 1000 980 
cms 


Determine the mean value of the dissolution rate constant and the 
surface layer thickness. 

8. A test tube containing water is brought into a room with ideally 
dry air at 293 K. The water evaporates but its level is maintained 
constant. No convective mixing takes place in the test tube. The 
test tube cross section is S = 0.05 cm*®. The saturated vapour pres- 
sure is Py,9 = 0.023 atm. Calculate the coefficient of water vapour 
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diffusion into air if the distance between the water surface and test 
tube rim is 1.85 cm, and 1.94 x 10-* mole of water evaporated with- 
in 87.5 h. Check the obtained value of D using the appropriate equa- 
tion from the molecular-kinetic theory. 

9. Calcined copper sulphate is lowered on a mesh into a test tube 
with water whose level is maintained constant and suspended at a 
distance of 20 cm from the water surface. The test tube cross section 
is 0.05 cm?. Water vapour diffuses from the water to the sulphate. 
The system temperature is 293 K. The saturated water vapour pres- 
sure is Py,9 = 0.023 atm. The coefficient of diffusion of water into 
air is Dy.9 = 0.24 cm?/s. As soon as the water vapour pressure near 
the sulphate surface becomes equal to 6 x 10°? mm Hg, the fol- 
lowing reaction begins: 


CuSO,+H,O=CuSO,-H,O (P=const) 


Calculate (a) the time it will take for the water vapour concentra- 
tion at a distance of 10 cm from the water surface to become equal 
to that over the sulphate surface and (b) the amount of water to be 
absorbed by the sulphate within 10 min. 

10. A reaction vessel is divided into two sections by a catalytic 
membrane. Gases of different composition were fed into the sections 
on either side of the catalytic membrane at the same pressure. Since 
the pressure in each section of the reaction vessel is constant, the 
exchange of the gases across the membrane was only by way of diffu- 
sion. The gas fed from one side contained 0.008 cm? of acetylene per 
cm*, and that fed from the other side was clean air. The acetylene 
diffusing across the membrane was washed out by the clean air and 
determined analytically. Determine the effective diffusion coefficient 
D* if the membrane thickness is § = 1.34 cm, its cross section is 
S = 4.52 cm’, the clean air flow rate is v = 10 cm/s, and the diffu- 
sion rate is 2.6 x 107% cm*/s. 

11. Determine, analytically and graphically, the temperature de- 
pendence of hydrogen coefficient of diffusion into nitrogen, proceed- 
ing from the following data: 


T, K 273 288 289.2 9.293 373 435 483 
D, cm?/s 0.647 0.743 QO.737 O.80 1.05 1.64 1.92 


12. Ethanol evaporates in air, its diffusion coefficient being 0.4673 
cm?/s at 303 K and 0.5465 cm?2/s at 323 K. Determine the coefficient 
of ethanol’s diffusion into air at 313 K. 


Multivariant Problem 


The solubility of substance A in H,O is c,, at 7, = 298.2 K and 
cz, at T, = 333.2 K. At a constant agitation speed (400 rpm) and 
constant surface area (horizontal surface). nm, moles of substance A 
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were dissolved within constant yolume V over time period ¢, and 7, 
moles were dissolved under the same conditions over time period ¢,. 
Determine, at temperature 7,, the mean value of the dissolution rate 
constant for salt A and the time necessary for the saturation of the 
solution with substance A to reach 30, 70, and 90%. Calculate ap- 
proximately the heat of solution, proceeding from the values of solu- 
bility at two temperatures and assuming that y = 1. 


CHAPTER 27 


Kinetics of Reactions in Solutions. 
Homogeneous and Heterogeneous Catalysis 


Basic Equations and Symbols 


The relationship between the rate constant of a reaction in a dilute 
solution and the ionic strength of the solution is given by the equa- 
tion 


log k = log ky + 2Azazp V I (27.4) 
where 
A = 1/¢3/273/2 (27.2) 


at 298 K, A = 0.509 for an aqueous solution, za and 2g stand for the 
charge numbers of the reacting ions, k, is the rate constant at infinite 
dilution (y = 1), / is the ionic strength of the solution, and e is the 
dielectric constant. 

The relationship between the reaction rate constant and the elec- 
trostatic component of Gibbs’ energy of the activated complex is 


_ j Zazpe*Na 
log k= log ke, —— “edaphT (27.3) 
where &, is the rate constant in a medium with & = o0; 
2 
—A"BC__ = AG* (27.4) 


ed apkT 


AG* is the electrostatic component of Gibbs’ energy of the activated 
complex, dag is the distance between the centres of the spherical 
lions constituting the activated complex, and Za,e, Zpe stand for ion 
charges. 

The rate of bimolecular homogeneous-catalytic reactions is ex- 
pressed as 


__kykel AM[B] 
w= Eg IK (27.5) 
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For k, > kz 
ia us (A](B] [K} (27.6) 

For k, < kg 
’ w — k,{A] [K] (27.7) 


In highly acidic solutions, some reactions are catalyzed only by 
hydroxonium ions, and the expression for the reaction rate may take 
the following form: 


w = ky+ [H,0*] [S] (27.8) 


where Ay+ is the acid catalysis rate constant, [H,0+] is the catalyst 
concentration, and [S] is the concentration of the substrate. The 
value of the catalytic constant ky+ for these ions is determined by 
the changes in the reaction rates in acidic solutions at different con- 
centrations of H,O and S. 

In highly alkaline solutions, 


The catalytic constant koq- is determined by measuring the reac- 
tion rates in alkaline solutions at different concentrations of OH- 
and S. If catalysis may be performed by both ions H+ and OH°™ and if 
the reaction proceeds in two directions at a time, the reaction rate 
can be written as 


w = ky (S] + ku+(H,O*] [S]-+ kon-[OH7][S} (27.40) 


where #, is the rate constant for the noncatalyzed reaction. There- 
fore, the first-order reaction rate constant can be expressed as 


ke = ky + ky+ [H,0*] -+ kon- [OH7} (27.41) 


The reaction rate constant / in the case of acid catalysis is related 
to the dissociation constant AK, by Bronsted’s equation 


k = G,K* (27.12) 


in which G, and @ are constants usually less than unity. For base 
catalysis, Bronsted’s equation takes the form 


k = G,K} = GjK6 (27.13) 


where G,, G,, and £ are constants. 

Any reaction between gaseous substances, proceeding on a cata- 
lyst surface, can be divided into five sequential steps: (1) applica- 
tion of the substance to the catalyst surface, (2) adsorption of the 
substance, (3) reaction on the catalyst surface, (4) desorption of the 
reaction product from the catalyst surface, and (5) transfer of the 
reaction products from the catalyst surface into the gas phase. The 
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overall rate of the process is determined by its slowest step. If the 
reaction on the catalyst surface itself is the slowest step, the kinetic 
equation can be derived by solving a differential equation of the 
following general type: 


ie atthe be Ph (27.14) 


where w is the reaction rate expressed as the number of moles of the 
substance reacting on the surface within the time interval J, &, is 
the surface reaction rate constant, b; stands for the adsorption coef- 
ficients of the substance, and P; is the partial pressure of the reactant 
in different parts of the reaction zone. 

In the case of monomolecular reactions in flow at a constant pres- 
sure, Eq. (27.14) takes the form (according to Frost and Balandin) 


—a-+ Boy (27.15) 


v In ar 
Where v is the speed at which the initial substance is brought to the 
catalyst surface, expressed in moles per unit time per unit catalyst 
volume, y is the degree of transformation, a is a constant directly 
proportional to the total catalyst surface area and the surface reac- 
tion rate constant, and # is a constant characterizing the adsorption 
coefficients of the substance. The coefficients « and B are the kinetic 
characteristics of the reaction. 
The Frost-Balandin equation (27.15) can be represented graphi- 


cally (Fig. 51). Plotting vy versus v In -— gives a straight line. 


Its slope determines the value of 8, while the y intercept at y = 0 
determines that of a. 


Exercises 


{. Studies into the kinetics of the reaction 
Co(NH;);NO2+-++ OH- -» Co(NH,),0H?+ + NO; 
have yielded the following relationship between the rate constant & 
and ionic strength J of the solution: 
rf 2.34 5 .61 8.10 14.22 11.73 16 .90 
(5 + log k) 1.7640 1.7130 1.6800 1.6467 1.6418 1.5990 
Calculate the rate constant k, at zero ionic strength. 
Solution. Plot log k versus VY J and extrapolate to V J = 0 (Fig. 52): 
(5 + log k) 1.7640 1.7130 1.6800 1.6467 1.6418 1.5990 
V1 1.53 2.37 2.85 3.35 3.42 4.44 


The value resulting from extrapolation is (5 + log k,) = 1.858; 
Ko = Teel x 107, 
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2. Use the steady concentration method to derive the equation 
for the rate of the homogeneous catalytic reaction A + B + Cat — 
C + Cat which involves the following steps: 

(1) formation of intermediate product ACat as a result of rever- 
sible interaction between the catalyst and one of the reactants: 

bas 
A+Cat — ACat 


hes 


(2) formation of an activated complex as a result of interaction 


I 


vn —— 

[—y 

0.3 

0.2 

0.] 
Fig. 54. v vlnj versus vy for 
the reaction : catalytic dehy- 

dration of ethanol 0.1 0.2 0.3 vey 


(5 + log k) 
1.9 


0 J 2 3 4 5VI 
Fig. 52.log & versus Y I for the reaction Co(N H3),NO%* + OH- — Co(NH;),0 H?+ 
+ NO? 


between the above intermediate — and the second reactant: 
ACat -+ B — (AB*) Cat 
(3) formation of the end products and regeneration of the catalyst: 
(AB*) Cat -~¢ + Cat 
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Solution. According to the activated complex theory, the reaction 
rate is determined by that of dissociation of the complex into the 
end . products: 


“el — k, {(AB*) Cat} (1) 


Determine the content of the activated complex (AB*)Cat by the 
steady concentration method. After some time has elapsed since 
the process began, the rate of accumulation of the activated complex 
will be 


LUMAR CAT... kg [ACat] [B] — k, [(AB*) Cat] =0 (2) 
Consequently, 
[(AB*) Cat} = ¢* [ACat] [B] (3) 
4 


Express the concentration of the intermediate product in terms of 

those of the reactants. According to the above scheme, the reaction 

of accumulation of intermediate product ACat is reversible, and 
SlAeatl _. ky [A] [Cat] — ky [ACat]—k[ACat](B]=0 (4) 

Hence, 

ky [A] [Cat] 

kar hy (B) ©) 

Substitution of Eq.(9) into Eq. (3) and the derived expression 

into Eq. (1) gives 


[ACat] = 


@\C) — kyke [A] [B) 
“di ate By EEF 
It can be seen that the reaction rate is directly proportional to the 
catalyst concentration. 
3. C,H,OH dissociates into ethylene and water at 653 K on 10 cm? 
of the catalyst Al,O,. The consumption 7 of the 64% alcohol solu- 
tion and the volume V,,y of the gas evolved within 3min asa 


result of the reaction will be as follows: 


n, cm? 0.444 0.65 0.9397 4.45 2.37 
Vexp om? 30.3 85.7 119 131.5 247 


The barometric pressure is 100 121.63 Pa, and the room temperature 
is 300 K. Calculate the coefficients a and 6 in Eq. (27.15) and write 
the empirical equation. 

Solution. To obtain the coefficients a and f in the Frost-Balandin 
equation vln [1/(1 — y)] = Buy + a plot a graph. To this end, 


calculate the values of v, y, vy, and Inj; and plot v Ing— 
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versus vy (see Fig. 51). For one experiment calculate 


where mc,H,oH = ndb/M100, b being the percentage alcohol con- 
tent and ale on = 0.9 g/em®. Then, 
= PEO SKE = 0.0018 mole 


— 0.0018 _ ae aseost 
VA= A710 = 0.006 mmole cm™ min 
Reduce the evolved gas volume to normal conditions: 


Vexp (Phar — Py,0) Po _ 
Ty — (Puzo = 3242.63 Pa) 


Find the volume of C,H, for this experiment under normal condi- 
tions: 


V= 


30.3 100121 %273 ; 
76030096 x 13a.g om 


Hence, the number of moles of ethylene will be 
V 27.7 x 1073 


V= 


McsH, = 574 =— 99 4 = 0.0012 mole 
Consequently, 
™ coo, _ 0.0012 _ 

4 =m, CoH.OH = 9.0018 = 9-667 
and 

vy = 0.060 x 66.7 x 10°? = 0.040 

Z 

v In —— — = 0.0060 In =a = 0.0060 In 3755 


= 0.0060 In 3 = 0.0060 x 1.0986 = 0.0066 


For all experiments, the application speed and degree of transforma- 
tion will be as follows: 


v 0.0060 0.0272 0.0392 0 .0482 0.0995 
y X 1072 66.7 41.7 40.2 36.5 26 .6 

vy 0.0040 0.0114 0.0157 0.0176 0.0264 
vin 0.0066 0.0146 0.0200 0.0218 0.0306 


The plot gives the following values: a = 0.012 and B = 1. The equa- 
tion will take the form 


v ln 


4 — 
fay Yt 0.012 
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Problems 


1. Determine the rate constant of the reaction CH,Br+KI—CH,I + 
KBr in water at 298 K if the pre-exponential factor is 1.7 x 10'* 
cm? mole! s-! and the activation energy is 76.6 kJ/mole. 

2. Determine the rate constant of the reaction CH,Br + KI = 
— CH,] + KBr in CH,OH at 298 K if the pre-exponential factor 
is 2.3x1013 cm? mole-!s~! and the activation energy is 76.2 kJ/mole. 
Compare the rate of the reaction in water, if the pre-exponential 
factor is 1.7 x 101% cm® mole! s™ and the activation energy is 
76.6 kJ/mole, with that of the reaction in methanol. 

3. Determine the rate constant of the reaction 


C,zH,(CH3)2N + CH,I! _> {C,H,;(CH,),N]*-+ I~ 


in nitrobenzene, dichloroethane, and benzy) alcohol] at 353 K, pro- 
ceeding from the values of the pre-exponential factors and activation 
energies given in the handbook. In which of these solvents will the 
reaction rate be maximum? 

4. Given the rates of saponification of ethers in aqueous solutions 
(handbook), determine which of the ethers—CH,COOC,H,, 
CH,COOC,;H,, or CH,COOC,H, — will undergo saponification at 
the fastest rate at 323 K. In what ratio are the saponification rate 
constants for these ethers? 

5. Determine the time of half-conversion during saponification 
of 0.05 M ethyl! acetate with 0.05 M aqueous solution of LiOH at 
298 K, proceeding from the saponification rate constants given in the 
handbook. 

6. Determine the time of half-conversion during saponification 
of ethyl acetate with an aqueous solution of NaOH, containing 
0.0500, 0.0250, and 0.0125 mole/litre NaOH and equs.t amounts of 
ethyl acetate, at 298 K. Find the rate constants in the handbook. 

7. Compare the initial rates of saponification of 0.05 M ethyl! ace- 
ie at 298 K with 0.05 M aqueous solutions of LiOH, NaOH, and 
KOH. 

8. Determine the change in the rate constant of the reaction 


C,H; BrCOO- + 8,02- — CH,S8,0,CO002- +- Br- 


if the ionic strength of the solution varies from 0.01 to 0.04. 
9. The rate constant of the reaction between sodium persulphate 
and iodine depends on the ionic strength as follows: 


I, mole/litre 0.00245 0.00365 0.00445 0.00645 0.00845 0.011245 
k, litre mole“! s+ 1.05 1.12 1.16 1.18 1.26 1.39 


Represent these data graphically using Eq. (27.14) and calculate z,zp. 
What is the charge on the persulphate ion if the step controlling the 
reaction rate is the interaction between the persulphate and iodine 
ions? Explain why the charge product 2,42, is not an integer. 
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10. One of the results of an experiment with the reaction 
Co(NH,),NO3* + OH- + Co(NH,),CH?+-+ NOx 


is that, when the ionic strength of the solution is 5.61, the rate con- 
stant of this reaction equals 5.164 x 10-4. Determine the rate con- 
stant of the reaction at zero ionic strength. 

14. How will the rates of the reactions 


S.02-+2I- + 1.42507 
Co(NH,),Br2*-+ NOx + Co(NH,);NO3*-+ Br- 
CH,Br+2H,.0 > CH,OH+ H,0+-+ Br- 
CH,Br+OH- — CH,OH-+ Br- 


be affected by an increase in (a) the dielectric constant, (b) the ionic 
strength of the solution, and (c) the hydrostatic pressure? Deter- 
mine the sign of entropy for each reaction. 


12. Calculate the electrostatic component of AG® , AH® , and TAS* 
(kJ/mole) if z4z—3 = —2, e = 80, (A 1n e/@T)p = —0.0046, and 
dan = 25 nm at 298 K. 

13. The rate constant of hydrolysis of diazo-acetic ester 


N.-CHCOOC,H, + se — HOCH.COOC,H, -|- No» 


varies with the concentration of H+ ions as follows: 


{H,0*], mole/litre 0.00046 0.00087 0.00158 0.00323 
k, litre mole s-? 0.0168 0.0320 0.0578 0.1218 


Represent these data graphically and determine the rate constant of 
catalysis by hydrogen ions (kqy+). 

14. The mutarotation of glucose is a first-order reaction with re- 
spect to the glucose concentration and is catalyzed by acids (A) and 
bases (B). The first-order rate constant can be expressed using an 
equation of the same type as in the case of reactions proceeding along 
several parallel paths: 


k = ko + ky+ [H*] + &a [A] + kp [B] 


where k, is the first-order rate constant in the absence of any acids 
and bases (with the exception of water). The following results have 
been obtained for this reaction at 291 K in a medium containing 
0.02 mole/litre sodium acetate and. acetic acid in different concen- 
trations: 


{CH,COOH}], mole/litre Q .020 0.105 0.199 

k X 104, min- 1.36 1.40 1.46 
Calculate Ay and A,. The term with Ag+ is negligibly small under 
these conditions. 
31-0878 
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15. The rate constant of hydrolysis of diazo-acetic ester varies with 
the concentration of H+ ions as follows: 


Cr+, mole/litre 0.00046 0.00087 0.00158 0.00323 
k, litre mole? s+ 0.0168 0.0320 0.0578 0.1218 


(the reaction being of the first order with respect to the ester). De- 
termine the mean rate constant of catalysis by H+ ions. 

16. The mutarotation of glucose is catalyzed by acids and bases 
and is of the first order with respect to the glucose concentration. If 
perchloric acid is used as the catalyst, the concentration of H+ ions 
may be considered equal to that of perchloric acid, and the effect 
of the perchlorate ion may be ignored because it is an extremely weak 
base. The following values of the first-order rate constants have been 
obtained: 


[HC1O,], mole/litre 0.0010 0.0480 0.0099 0.0192 0.0300 0.0400 
k X 104, min- 1.25 41.38 1.53 1.90 2.45 2.59 


Determine the constants A, and ky-. 

17. A solution containing 0.5 mole/litre acetic acid and 0.3 mole/ 
litre sodium acetate has been prepared. The acetic acid dissociation 
constant is 1.8 <x 10-°, and the exponent a in Bronsted’s equation 
for the acid catalysis reaction is 0.9. Calculate the percentage reac- 
tion intensity in terms of hydrogen ions, acetic acid, and water. 

{8. Listed below are acid dissociation constants and catalytic 
constants for the reaction of nitroamide dissociation promoted by 
some basic ions: 


Jon BK a | kh | Ion | K a | k 
Hydroxyl 4.440728 } 4><108 | Benzoate 6.5x10-5 | 0.489 
Trimethyl ace-}| 9.4«1076 0.822 || Formate 2.41074 0.082 

tate Monochloro- 1.4x10-% 0.016 
Propionate 1.41075 0.649 acetate 
Acetate 1.81075 0.504 {| o-Nitrobenzo- 7.3X1073 0.0042 


Phenyl acetate | 5.3x1075 0.232 ate 
Dichloroacet- | 5.0107? 0.0007 
ate 


Represent these data graphically in such a manner as to demonstrate 
the applicability of Bronsted’s equation and determine the constants 
of the equation. 

19. The reaction between acetone and iodine is 
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The reaction may be regarded as involving preliminary enoliza- 
tion of acetone: 
OH 


| 
CH,COCH, > CH,—C=CH, 


with subsequent attachment of iodine and detachment of a hydrogen 
iodide molecule: 


OH OH 
| 
CH,—C=CH,+I, > CH, — C—CHil + CH,COCH,I-+ HI 
I 


This mechanism is corroborated by the reaction rate being independ- 
ent of the iodine concentration and remaining the same when bro- 
mine is substituted for iodine. Therefore, enolization is the step de- 
termining the reaction rate, whereas the subsequent attachment of 
the halogen is a fast step. Proceeding from the acetone iodination 
rate constants tabulated below: 


a= oi 

Catalyst K, a g Catalyst K, = S 

Kx x~— 

LL amt xe me 

Dichloroacetic acid| 5.7107? | 220 a-Chloropropionic| 1.011074 | 5.9 
a, B-Dibromopro- 6.71073 | 63 acid 

Pionic acid Acetic acid 1.751075 | 2.4 

Monochloroacetic 1.41x10-3 | 34 Propionic acid 1.34xX10-5 | 1.7 

acid Trimethylacetic 9.11073 | 1.9 
Glycolic acid 1.541074 8.4 acid 


calculate the mean values of the coefficients in Bronsted’s equation 
and the catalytic constants of all acids. 

20. Bronsted’s equation for the reaction of acetone iodination 
in the presence of acids with p = q = 1 (q being the number of 
positions in the catalyzing base capable of accepting a proton, and 
p being the number of protons capable of detachment in the acid 
conjugated with the base) takes the form k = 7.90 x 10-4K9.82, 
Calculate the catalytic rate constant & in the presence of monochloro- 
acetic acid and compare the result with the experimental value 
Kkexp = 34 litre mole~’s~*. The monochloroacetic acid dissociation 
constant is A, = 1.41 x 107-3. 

21. How many times wil] the rate of a hypothetical gaseous reac- 
tion increase at 400 K if a solid catalyst is introduced into the kinetic 
system? The activation energy of the reaction without the catalyst 


31* 
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is Ey, = 29 824 J/mole, and that of the reaction with the catalyst 
is Eg_cat = 26000 J/mole. The pre-exponential factors of the Ar- 
rhenius equation are the same in both cases: kog = Kog-cat- 

22. The catalytic exchange between deuterium and ammonia pro- 
ceeds as follows: 


= D,-++NH;—e — NH,D+-> H, 


Given below are the values of the activation energy of the reaction 
on various catalysts and the energy of electronic work function of 
the metallic catalyst: 


Metal Pt Ni Pd Fe Ag Cu 

Activation energy £,, kJ/mole 21.6 39.0 38.0 541.0 60.0 58.0 
Electronic work function @q, 518 483 481 456 438 437 
‘kJ/mole 


Derive the equation relating the activation energy of the above reac- 
tion to the energy of electronic work function of the metal and deter- 
mine the change (as the ratio) in the rate of the reaction on the above 
metals as compared to platinum. The pre-exponential factor of the 
Arrhenius equation is the same for all metals. 

23. The activation energy of the ammonia dissociation reaction 
2NH, ~N, + 3H, without a catalyst is Ez, = 326 kJ/mole, and 
when the reaction proceeds on catalysts W, Mo, Fe, and Qs at the 
same temperature, the activation energies are Ew = 163 kJ/mole, 
Emo = 121.3 kJ/mole, Ep. = 125.5 kJ/mole, and Eo, = 197 kJ/ 
/mole, respectively. Determine the relationship between the “true” 
activation energy of the heterogeneous reaction and the heat of ad- 
sorption of the initial substances. Calculate the heat of adsorption 
of the activated complex on the catalyst. 

24. Ethanol dissociates on the catalyst Al,O, according to the 
equation C,H,OH C,H, + H,O. At 650 K, the effective rate con- 
stant is 2.34 s"!. The temperature dependence of the surface reaction 
rate constant is given by the equation log k = 6.06 — 4230/T. 
Determine the activation energy of the surface reaction and the 
diffusion rate constant. 

20. The kinetics of dissociation of formic acid HCOOH —H,O +- 
+ CO on various catalysts at 473 K is characterized by the following 


data: 
Catalyst Glass Au Ag Pt Rh 
Activation energy, kJ/mole 103 98 130 92 146 
Relative reaction rate 1 40 40 2000 10000 


The dissociation rates are related to equal catalyst surface areas. 
Explain the difference in the rates. 
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26. Oleic acid dissolved in acetic acid undergoes hydrogenation at 
320 K in the presence of a platinum catalyst. The hydrogenation 
rate varies as follows, depending on the catalyst: 


w, mg/min 3.7 7.4 11.3 14.9 
Amount of catalyst, g 0.025 0.05 0.0625 0.10 


The shaking rate is 600 oscillations per minute. Define the hydroge- 
nation region in which the above reaction proceeds. 

27. The relationship between the rate of hydrogenation of an alco- 
hol in glacial acetic acid with vigorous shaking (500-600 oscillations/ 
/min) at 290 K in the presence of a platinum catalyst and the amount 
of the latter is linear, which is typical of the kinetic region. Pro- 
ceeding from the following data: 


Amount of catalyst, g 0.03 0.06 0.06 0.09 0.15 0.24 0.30 0.40 0.50 
w, cm/s 1.56 3.83 3.75 6.04 9.75 13.5 18.2 22.7 37.6 


plot the reaction rate constant versus the amount of catalyst (me- 
tallic platinum, in g). The Pt content in the catalyst is 6%. 

28. The reaction C,H,Br — C,H, + HBr proceeds at 693 K on 
Al,O,. The degree of filling of the catalyst with the initial substance 
is given below as a function of pressure: 


Degree of fill- 0.0715 0.41334 0.1876 0.235 0.278 0.316 0.350 0.381 0.409 0.435 
ing 

Pressure, mm 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Hg 


Calculate the effective and true reaction rate constants if the reac- 
tion products do not slow down the process. 

29. Studies into the kinetics of homomolecular oxygen exchange 
on gadolinium oxide at temperatures ranging from 78 to 500 °C 
have yielded the following reaction rate constants at different tem- 
peratures: 


T, K 233 273 300 473 673 
kX 105, gs"! Q.477 0.0224 0.0955. 4.48 27.16 


Plot the log k = f (1/T) curve and determine the activation energy 
in the temperature ranges of 573 to 300 and 300 to 223 K. Explain 
why the activation energy is negative. 

30. Derive the equation for dehydration of ethanol (in flow) over 
aluminium oxide at 653.2 K if 


D 0.060 0.152 0.272 0.334 0.392 0.423 0.482 0.542 0.995 1.464 
y X 102 66.7 55.0 41.7 42.8 40.2 40.1 36.5 37.4 26.6 22.1 


31. In an experiment with dehydration of ethanol, C,H,OH ~ 
~» C,H, + H,O on the catalyst Al,O, at 653 K, the rate of consump- 
tion n of the 75% water-alcoho] solution and the volume V,,,) of 
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the gas trapped in the gas burette were measured every three min- 
utes with the following results: 


n X 108, m§ 0.2 0.31 0.414 0.62 0.82 1.06 1.37 1.66 1.95 
Very X 106, mm? 64 84.2 107.5 143 177 2148 263 283 302 


Calculate the coefficients @ and B in the Frost-Balandin equation for 
this reaction under the above conditions if the catalyst volume is 
15 cm’, the experimental temperature is 293.2 K, and the baromet- 
ric pressure is 99 641.7 Pa:.(747.5 mm Hg). 


CHAPTER 28 
Kinetics of Electrochemical Reactions 


Basic Equations and Symbols 


The electric charge required for dissociation of t g-equiv of an electro- 
lyte equals 96 450 coulombs and is known as the Faraday constant. 
The amount m of the substance that has undergone dissociation, 
deposited on the electrodes, or formed in solution as a result of 
electrolysis is calculated using the equation 

zit 


i F (28.1) 


in which z is the equivalent weight, in g; J is the current intensity, 
in A; £ is time, ins; and F is the Faraday constant. 

During electrolysis, part of the current is spent in side processes, 
which is why the practical yield of electrolysis is always below the 
theoretical value. The yield is usually calculated in terms of cur- 
rent: 

Y.=< amount of substance formed in electrolysis 

C ~~ “calculated amount of substance to be formed in electrolysis 


Most electrolytic reactions are irreversible. The observed decom- 
position potential exceeds the value calculated from thermodynamic 
data. This overpotential depends on the area of the electrodes and 
the condition of their surface, the presence of impurities in the solu- 
tion, and the density of the current passing through the latter. 

In many electrochemical processes, the current density i and over- 
potential yn are related by the Tafel equation 


n=a-+t blogi (28.2) 
where a and 0 stand for certain parameters characterizing the system 
under consideration. 

Most electrochemical reactions involving organic substances have 


a step in which these substances undergo preliminary adsorption 
on the electrode surface. The rate of adsorption of organic substances 
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is given by the Roginsky-Zeldovich equation 

w = ke exp (—af’9R) (28.3) 
in which k is the adsorption rate constant, c is the organic substance 
concentration, a is a constant, and f is the coefficient of irregularity 


of the electrode surface. 
The time dependence of adsorption is given by the equation 


6; — B+ Int (28.4) 
where 9 is the degree of filling of the electrode surface with the 


organic substance. 
Exercises 
1. Current was passed through a CuSQ, solution at a rate of 5A h, 


and 5.6 g of copper were deposited on the electrode (cathode) (m,.4 = 
9.6). Determine the current yield. 


Solution. The equivalent weight of copper is Sa = 31.789 g. 
The amount spent is 575 = 0.1865 F (96 540 x 0.1865 = 18 000 C). 


Hence, theoretically, according to Faraday’'s law, the amount of 
copper to be deposited must be 


Miheor = 31.785 x 0.1865 = 5.92 g Cu 


Consequently, the current yield of copper is 


Yo =—™et_ 100 = 5.6/5.92 x 100 = 94.7% 


Mtheor 


2. When current is passed through slightly diluted sulphuric acid, 
40 cm? of hydrogen evolve on the cathode within 5 min, as measured 
at 288 K and 748 mm Hg. Determine the current intensity through 
the electrolyte. 

Solution. Determine the weight of the evolved hydrogen (on the 
cathode) using the equation m = MPV/RT. We have M = 2.016, 
P = 748/760 atm, V = 0.04 litre (40 cm’), R = 0.082 litre-atm 
mole“! K-!, and 7 = 288 K. Hence, 

2.016 «x 748 x 0.04 


m = Fey s<0.082 x38 ~ 9:00836 g Hy 


To determine the current intensity use the equation 


lm = 0.00336 g, z = 1.008, t = (5 x 60) = 300s) 
_ m 96540 0.00336 x 96540 _ 
(= ar = F008 x 300 = 1-08 A 
3. An iron sheet having a surface area of 1000 cm? is used as the 
cathode in electrolysis of a zinc salt. What will be the thickness of 
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the zinc layer deposited on the cathode within 25 min if the mean 
current density is 2.5 A/dm?? The density of zinc is 7.15 g/cm’. 

Solution. Determine the amount of zinc deposited on the iron 
electrode, using the equation 


m = 21t/F 
To do this, calculate the equivalent weight of zinc: 


z— 32.69 g 


Determine the current intensity with the aid of the equation / = iS 
f=2. x10 =25A 

The electrolysis time will be 
t= 25 x 60 = 1500s 

The deposited amount of zinc will be 


_ 32.69 x 25 x 1500 
~~ 96 500 


The weight and: density of the deposited zinc are known. Find its 
volume: 


= {2.7 2g 


42.7 ; 
= TE = 1.776 cm 


Calculate the thickness of the zinc layer formed on the electrode 


1.776 a 


4, Studies into the kinetics of maleic acid adsorption on a smooth 
rhodium electrode at 293 K and a potential g = 0.2 V by the elec- 
trochemical impulse methods have produced the following results: 


On at a concentration, mole/litre, of 


Time, s 

10-2 5xX10-3 | 2xX1073 | 10-3 

) | 0.06 0.03 0.04 0.01 
10 0.13 0.06 0.02 0.01 
20 0.419 0.12 0.03 0.02 
30 0.23 0.17 0.07 | 0.02 
50 0.27 0.21 0.14 0.04 
100 0.34 0.28 0.20 0.41 
200 0.42 0.34 0.26 0.18 
300 0.43 0.37 0.30 0.23 
900 0.44 ().39 ().33 0.28 


1000 0.49 0.39 0.32 0.30 
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Plot the kinetic adsorption curves (Op vs log t), check whether the 
equation w = ke exp (—af'OR) can be used to describe the adsorp- 
tion kinetics, and determine the adsorption rate constant. 

Solution. Figure 53 represents the degree of filling (SR) of the sur- 
face with chemisorbed organic particles of maleic acid versus the 


Op 


1 
Q.4 2 
3 
0.3 4 
Fig. 53. Degree of filling of the 
surface with maleic acid of differ- 0.2 
ent concentrations versus adsorp- 
tion time: 0.1 
salt SPOT hea ae 
itre; 3—2 X ole/litre: 4—1t0- 
™ mole/litre ] 2 3 logt 


logarithm of ausurption time, log ¢f. A clearly defined linear por- 
tion is observed for solutions of all concentrations, which is to say 
that the time dependence of adsorption can be given by the equation 


{ 
82 = B+ Gp int 


in which the constant f is a function of concentration. Determine af 
as the slope of the straight line, which equals 1/af’. For a maleic 
acid concentration of 5 x 107% mole/litre we have 

, 2.3 (log Tz — log Ty) __ Es a | __ 


Similarly, calculate af’ for all maleic acid concentrations. The quan- 
tity af’ is virtually independent of concentration and is a character- 
istic of adsorption of the acid on rhodium: 
10.2+-10.7+10.449.6 
Ofmean = ae = 10.2 
Calculate the rate of maleic acid adsorption on rhodium for solu- 
tions of different concentrations (e.g. for ¢c = 10~* mole/litre and 
Ok = 0.09): 
AO, 0; — 0; 
— OR PrR(2)7%RU) _ 0.13—0.06 2: 
cai < ical oii a : =1.4x« 107 s 
and tabulate the results as follows: 
forc = 10° mole/litre 


0%, 0.09 0.16 0.24 0.25 0.30 0.38 


w 1.4 xX 10-2 6x 10-3 4x 10-3 2x 10-3 1.4 x 10-3 8x 10-4 
—log w 1.84 2.22 2A 2.7 2 .86 3.4 
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forc =5>x10-3 mole/litre 


0%, 0.09 0.15 0.19 0.25 0.32 0.35 
Ww 7x 10° 5x 107% 2x 1073 1.4 x 107% 6x 10-* 3 x 10-4 
—log w 2.15 263 2.7 2.86 3.2 3.9 
fore = 2x 10-3 mole/litre 
0%, 0.05 0.44 0.17 0.23 0.28 
Ww 4x 10° 3.5 « 1073? 41.2 x 10-3? 6x 10-4 4 x 1074 
—log w 2.4 2.49 2.92 3.2 3.4 
forc = 10-3 mole/litre 
0, 0.03 0 .07 Q.14 0.20 0.26 
Ww 10-3 1.4 x 1073 7x 10-4 5 x 107-4 2.5 x 10-4 
—logw 3 2 .86 3.45 3.3 3.6 


Proceeding from the calculated values, plot log w versus OR for the 


—log w 


3 25 -2 O01 02 £403 8p 


¢, mole/litre 
(a) (b) 
Fig. 54. Rate of maleic acid adsorption on rhodium versus concentration (a) 
and degree of filling of the surface (b) 


solutions of the above concentrations (Fig. 54). Use the results to 


calculate af’: 
, 2.3 (log we — log w) 
Se 


Of mean = 10.4 
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Use the derived log w = f (8g) curve to plot log w versus log c at 
6; = const (Fig. 54a). Taking the logarithm of the equation w = 
ke” exp (—af 9) gives 
Inw = Ink + nine — af OR 
then, at 0p = const, 
n = (log w, — log w,)/(log c, — log c,) 
n, = 0.94, no = 1.01, ng = 0.99, ny = 1.05, n, = 0.97 
Mm ean — 0.99 + 0.05 


Thus, the exponent in the concentration term of the kinetic equation 
for the adsorption rate is approximately equal to unity. Calculate 
the adsorption rate constants: 


k= — at 0g =0 and n=1 


To determine the adsorption rate wey extrapolate the relationships 
between log w and 0R (Fig. 54b) to 8g = 0. Tabulate the extrapolat- 
ed values of the adsorption rate and the adsorption rate constants 
corresponding to different maleic acid concentrations: 


ec, mole/litre 10-? 5 x 10-3 2x 10-3 10-3 
Worn =0 3.146 x 107? 391.7 x 107? 6.3 x 10°) = 3.6 & 107° 
k, litre mole~! s-! 3.16 3.40 3.15 3.16 


kKmean = 3.20 =o Q.15 


Thus, the overall kinetic equation for the process of maleic acid 
adsorption on rhodium takes the form 


w = 3.25¢ exp (—10.26R) 


9. Studies into the adsorption of maleic acid on a rhodium electrode 
at different temperatures have yielded the following results: 


6p at a temperature, °C, of 


Time, 8 
60 50 40 30 20 
10 0.07 0.06 0.04 0.03 0.02 
20 0.17 0.12 0.09 0.06 0.03 
30 0.20 0.16 0.14 0.42 0.07 
20 0.27 0.25 0.19 0.17 0.14 
100 0.38 0.32 0.29 0.24 0.20 
200 0.42 0.39 0.35 0.33 0.27 
300 0.42 0.39 0.38 0.34 0.31 
900 0.44 0.44 0.38 0.36 0.32 


ta) WO 
ty fe 


0.2 


2 3 log t 


log w 
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3.4 1/T10° 
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Fig. 55. Kinetic curves of maleic 
acid adsorption at different tem- 
peratures: 

1—-60 °C; 2—50 °C; 3—40 °C; 4—30 °C; 
5-~—20 °C 


Fig. 56. Adsorption rate versus 
inverse temperature at different 
degrees of filling 


Fig. 57. Activation energy 
variations with the degree of 
filling 
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Determine the activation energy of maleic acid adsorption on rhodium 
at different degrees of filling of the surface with the adsorbed hyd- 
rogen and establish the relationship between the adsorption activa- 


tion energy and the degree of filling. 
Solution. Plot 6g versus log t at different temperatures (Fig. 95). 
Then determine the adsorption rate: 


O2=0.2, t=60°C 


_ 0,23—0.47 - 
W = 55 = 4.68 « 10 


Tabulate the calculation results: 


log w at Op of 


neers 
0.10 0.415 0.20 0.25 0.30 
60 —41.98 —2.17 —2.33 —2.49 —2.695 
50 —2.14 —-2.30 —2.47 —2.695 ~—2.79 
40 —2.29 —2.43 — 2.62 —2.80 —2.99 
30 —2.41 —2.60 —2.78 —2.98 ~—3.21 
20 —2.00 —2.76 —3.00 —3.18 —3.40 


Plot log w versus 1/T at 0, = const (Fig. 56) proceeding from 
the results which are used to determine the adsorption activation 
energy: 

A log w 
A1/T 

Plot the activation energy versus the degree of filling 0, 
(Fig.o7). This relationship is linear and is given by the equation 
Ei=E,+af'RTOp, where E,=23.9kJ. 


Problems 


E,=—2.3R tana, where tana = 


1. 1.5 A current passes through a copper sulphate solution. Deter- 
mine the theoretical yield of copper over a period of one hour. 

2. Water is electrolyzed to produce 0.6 litre of oxyhydrogen gas 
at 293 K and 740 mm Hg. How long will the process take if the cur- 
rent intensity is 2 A? 

3. A metal object is to be coated with a nickel layer 0.3 mm thick. 
The surface area of the object is 100 cm*. The density of nickel is 
9.0 g/cm*. How long will it take to pass 3 A current if the current 
yield is 90%? 
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4. Determine the current requirements to produce one tonne of 
copper at a current yield of 96%. 

5. Electrolysis of a 20% potassium acetate solution at 290 K yields, 
among other things, ethane evolved on the anode according to the 


equation 
2CH,COO- = C,H, + 2C02-+ 2e 


The ratio between the molecules of ethane evolved on the anode and 
those of hydrogen evolved on the cathode is 0.8. Determine the cur- 
rent yield of ethane. 

6. To reduce nitrobenzene to aniline, 20 g CgH;NQO,, 30 cm? of an 
alcohol, 250 cm? of water, 14 g HCl, and 1 g SnCl,-2H,O were placed 
in the cathode space. After passing current at a rate of 26.5Ah 
through the lead-cathode electrolytic cell, 12.76 g of aniline were 
produced. Determine the current yield. 

7. Current is passed successively through vessels with aqueous solu- 
tions of AgNO,, CuSO,, KI, and HClO,. Which substances and in 
what amounts will be "deposited on platinum electrodes in CuSQ,, 
KI, and HClO, solutions if 0.1079 g of silver was deposited on the 
cathode in the vessel containing the AgNO, solution? 

8. When current is passed through a nickel sulphate solution, 
nickel and hydrogen evolve on the cathode. Determine the current 
yield of nickel if 17.4 cm*® H, evolved (under normal conditions) 
after passing current at a rate of 0.9 A h. 

9. If the cathode space is separated from the anode one during elec- 
trolysis of a common Salt solution, sodium hydroxide is produced in 
the former and chlorine on the anode. Write the equations for the 
electrode reactions and determine the current yield of the alkali if 
after six hours of electrolysis with 1000 A current 70.9 litre of the 
cathodic solution contained 118 g of sodium hydroxide per litre of 
the solution. 

10. Electrolysis of a concentrated acidic solution of ammonium 
sulphate yields ammonium persulphate on the anode at a low tem- 
perature. Write the equation for the anodic reaction and define the 
current requirements for producing 1 kg of ammonium persulphate 
if the current yield of the product is 75%. What by-product and in 
what amount will evolve on the anode? 

11. Plot the potential shift versus the density of the polarizing 
current during electrolysis of a solution containing 0.01 mole/litre 
CuSO, and 1 mole/litre H,SO,. The diffusion coefficient of Cu?+ 
ion is Dey+ = 1 X 107° m?/s and the diffusion layer thickness is 
§ = 10 pm at 298 K. 

12. When a solution is agitated under a given set of conditions, 
the limiting current of copper deposition from 0.02 M CuSQ, has 
the density i, = 20 mA/cm?. Calculate the copper electrode poten- 
tial (with respect to the normal hydrogen electrode) at cathode cur- 
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rent densities of 5, 10, 15, 18, and 19 mA/cm? if merely concentration 
polarization takes place (yscuso, = 0.317, 298 K). 

13. The potential of a cadmium cathode (@, = —0.535 V) varies 
in a 0.01M CdSO, solution (y. = 0.399). Determine which part of 
the limiting current is constituted by the current at a given poten- 
tial if the polarization during cadmium deposition is a merely con- 
centration one. Find the ratio between this current and the limiting 
current for pm, = —0.505, —0.490, —0.485, and —0.480 V (298 K). 

14. A silver-copper alloy is deposited from cyanide electrolytes 
containing 8 g/litre of copper and 2 g/litre of silver in the form of 
Cu(CN), and Ag(CN), ions (calculated as metals). Determine the 
weight percentage of the alloy if the deposition of both metals is 
conducted at the limiting currents and the ionic diffusion coefficients 
are the same. 

15. An electrolyte contains 10 g/litre of nickel and 5 g/litre of 
cobalt as sulphates. Determine the current yield of their alloy, the 
weight of the deposit and its composition if electrolysis proceeds 
at a current density of 20 A/dm? for 20 min on an electrode having a 
surface area of 10 cm? and both metals are deposited at the limiting 
current. Assume that the mass transfer coefficients D/§ for ions Ni*+ 
and Co*+ are the same and equal to 1.6 « 1073 cm/s. 

16. The kinetics of hydrogen evolution was studied on a single 
crystal of Ni with a (III) face in 0.14 KOH, pH 13.15, at 293 K. 
The following results have been obtained: 


7, V 0.075 0.114 0.150 0.190 0.225 0.265 0.300 
log i[A/em?] —4.00 ~3.80 —3.60 -3.40 ~—3.20 —3.00 —2.80 


Calculate the constants a, 6, and @ in the Tafel equation. 
17. The kinetics of hydrogen evolution on single crystals of Cu 
was studied in a highly acidic solution with the following results: 


n, V 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 
ing °C, A/em? 0.0115 0.0190 0.044 0.414 0.305 0.77 1.65 3.0 


igo °C, A/cm? 0.0162 0.29 0.073 0.195 0.535 1.28 2.55 4.25 
inp °C, A/cm? 0.022 0.044 0.44 0.29 0.75 1.72 3.145 5.2 
iso °C, A/em? 0.037 0.072 0.19 0.514 1.15 2.5 4.3 6.6 


Determine the constants @ and 6 in the Tafel equation at all tem- 
peratures. Use the experimental data to plot the log i vs 1/T curves 
at n = const. Determine the effective activation energy. 

18. Calculate the current yield of nickel in electrolysis of a nickel 
sulphate solution with ayje+ = 0.1 at pH 3 and pH 6 if the cathode 
potential with respect to the normal hydrogen electrode is @ = 
—0.80 V. No depolarization and superpolarization effects are ob- 
served in the nickel-hydrogen system, the constant a in the Tafel 
equation for the overvoltage of hydrogen evolution on nickel at 
pH 0 is 0.62 V, the standard exchange current of the nickel electrode 
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is ig nj = 3 X 1078 A/cm’, and the transfer coeffhcients for the dis- 
charge of the H+ and Ni?* ions are a@q+ = 0.5 and aniat = 0.29; 
brie = PAE = 0.100 V, phiarymi= —0.25 V, T=303K 
19. Studies into the adsorption of maleic acid on platinum at 
293 K and go = 0.4 V have shown that the degree of filling of the 
surface with the adsorbate, 0g = 0.3, for solutions with concentra- 
tions of 10-4, 5 x 10-5, 2.5 x 107°, and 107° mole/litre is attained 
within 10, 25, 47, and 170s, respectively, and 0, = 0.35 is attained 
within 16, 37, 74, and 107 s. Determine the exponent at the con- 
centration given in the Roginsky-Zeldovich equation. 
20. Studies into the adsorption of a 0.1M methanol solution on 
platinum at 293.2 K have yielded the following results: 
tads, 8 «0005té«‘i 2 5 10 20 50 100 200 


Op 0.09 0.20 0.32 0.44 0.56 0.69 0.77 0.80 0.82 


Check whether the equation 0R = B ton In t is applicable to 


the kinetics of methanol adsorption on platinum (plot 9 versus 
log t) and calculate the adsorption rate constant if the process obeys 
the Roginsky-Zeldovich equation. 

21. Studies into the adsorption of methanol on a platinum elec- 
trode at 284, 296, 308, 319, and 345 K have shown that the increase 
in the degree of filling of the electrode surface from 92 = 0.35 to 
On = 0.4 takes 5.0, 3.0, 2.0, 1.3, and 0.6 s, respectively. Calculate 
the mean activation energy of methanol adsorption on platinum at 
Opn & 0.370. 


Multivariant Problems 


1. Determine the constants a and 6 in the Tafe] equation if measure- 
ments of the potential of a cathode made of a particular material, 
with reference to the calomel electrode (@ = 0.2381 V), in a solution 
of a given composition at current densities i’ and i” have yielded the 
values of gm’ and @”, respectively. 


Variant ee Electrolyte m yee m Vier yp’, V gp”, Vv 
{ Zinc 2.0 N H.SO, | 5.0 0.2 4.325 | 1.157 
2 Cadmium | 1.3 N H,SO, 0.4 8.0 { .372 1.528 
3 Lead 1.0 N H,SO, | 0.2 0.8 1.360 | 1.432 
4 Cobalt 1.0 N HCl Q.4 1.9 0.396 0.933 
o Nickel 1.0 N HCl ~ 0.05 2.9 0.476 0.646 
6 Tantalum | 1.0 NV H,SO, 0.02 0.0 0.793 1.060 
7 Rhodium | 2.0 N H,SO, | 5.0 34.0 0.380 | 0.478 
8 Tin 2.0 N H,SO,| 0.1 5.0 1.097 | 1.294 
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2. Determine the constants a and b in the Tafel equation for the 
overvoltage of hydrogen evolution on a zinc electrode with surface 
area S = 4cm? from 2 N H,SO,. The zinc electrode potential @ with 
respect to 1 N calomel electrode being equal to —1.267 V, 9.9 mg 
Cu were deposited on the cathode of a copper coulometer within 60 
min and at —1.279 V 5.94 mg Cu were deposited within 30 min. 


Variant eee Solution S, cm t, min m, Mg g, V 
2 Cadmium 1.3 N H,S0, o 90 9.90 1.453 
20 11.88 1.511 

a Tin 2.0 N H,S0, 2 100 4.76 1.223 
10 9.90 1.375 

4 Lead 1.0 N H,S0, 3 10 2.94 1.554 
6 2.30 1.576 

i) Nickel 1.0 N HC} 9) o0 9.50 0.635 
60 o7 01 0.700 

6 Tantalum | 14.0 N H,sO, 1.6 60 4.76 1.026 
10 7.92 1.156 


Complex Problems 


1. The transformation of C,H, in the reaction C,H, = C,H, + H, 
is 010% complete within 10 hours at 1073.2 K. Calculate the activa- 
tion energy of the forward reaction (the end products are removed). 

2. The activation energy of the reaction C,H, = C,H, + H, is 
FE, = 202 x 10° J. Calculate the temperature at which the yield 
of C,H, within an hour equals half the amount theoretically possible 
when equilibrium is reached. Also calculate the time interval within 
which the above concentration will be attained at 1573 K. 

3. Calculate the equilibrium yield in the reaction C,H, + H, = 
C,H, at 1.01 x 10° Pa and 673.2 K, as well as the time it will 
take for the C,H, yield to constitute 90% of the equilibrium value. 
The activation energy is H, = 182.7 x 10° J, and the concentrations 
of C,H, and H, are 1 mole/litre each. 

4. Hydrogen and iodine react as follows: H, + I, = 2HI. The 
composition of the gas supplied for the synthesis is (%): H, 32, 
I, 48, inert gas 20. Determine the temperature at which the equi- 
librium mixture will contain 30% H, at 1.01 x 10° Pa if AG® = 
246.0 — 2.3 log 7 + 10.77. Calculate the time after the shift 
if the degree of H, transformation at the calculated temperature is 
30 and 18%, the reaction is of the second order, the rate constant k 
of the forward reaction at 7, = 556.2 K is 0.000119, and at T, = 
781.2 K, & = 3.58. Plot the temperature dependence of the equi- 
librium yield and rate of the reaction. 


32—0878 


Appendix 


TABLE 1. Parachors of Atoms, Bonds, and Cycles 


Px«107, Bond and cycle | Px 107, 
eUOTOS yt/4 m®/? mole-1 increments g*/* m5/ mole~1 

Carbon 16.36 Bond | 
Hydrogen simple 0 

at carbon 27.39 double homeopo- 33.78 

lar 

at oxygen 17.79 triple 67.96 

at nitrogen 22.23 semipolar 0 
Oxygen 39.56 Cycle 

peroxide 37 .87 three-membered 22.28 
Nitrogen 34.44 four-membered 10.67 
Phosphorus 72.01 five-membered 0.03 
Arsenic 96 . Of six-membered 1.42 
Antimony 120.90 seven-membered —7.11 
Sulphur 88.04 
Selenium 4142.04 
Fluorine 49.34 
Chlorine 97.79 
Bromine 122.68 
Iodine 160.02 
Boron 38 .23 
Silicon 99.12 
Tin 114.68 
Mercury 122.68 


NOTE: Attachment of two or more negative X groups (Cl, CN, COOR, OR, etc.) to 
one and the same atom C, N, or S reduces the parachor by an average of 5.3310-7 units 
for ~CHXe, 10.67x10-7 units for -CXg, and 16.00x107-? units for CX4q4. 


a 


Appendix 


TABLE 2. Functions (H7— Hzge) for Some Substances (kJ /mole) 
ee ee ee ern ae ee a ee ee ee ee Se 
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T, K He,O Hag Og COe co COCIs HCI 
300 0.084 0.054 0.054 0.084 0.084 0.126 0.084 
400 3.743 2.998 3.025 4.017 3.012 6.234 2.971 
500 6.945 5.883 6.084 8.326 5.941 12.845 8.899 
600 10.544 8.812 9.242 } 12.929 8.953 19.790 8.870 
700 14.226 11.749 12.502 | 17.782 12.050 27.029 11.8414 
800 18.033 14.703 15.841 | 22.803 15.188 | 34.434 14.853 
900 21 .966 17.673 19.246 | 28.033 18.410 42.007 17.949 

4000 26 .024 20.677 22.107 | 33.388 21.714 49.706 21 .046 

T,K | NHs | NH,C]l - agCOs NaOH | S; H,S 
300 0.084 0.159 0.205 0.109 0.042 0.084 
400 3.807 9 .680 11.996 6.350 4.640 3.556 
500 7.824 23.470 26.295 | 13.300 8.965 7.196 
600 12.217 33 .090 40.593 | 34.200 2.150 14.046 
700 | 16.862 | 43-820 | 57.612] 42.748 | 5.498 | 15.024 
800 24 .840 — 74.630 | 51.296 3.341 19.2095 
900 27.112 oe 91.251 | 59.727 0.174 23.914 

4000 32.635 = 107.872 | 68.157 7.019 28 .033 

TABLE 3. Diffusion Potential at 298 K 

Electrolyte @x163, V Electrolyte @xi03, V 
1M HCI | KCigeat 14.1 0.01474 HCI | 0.1447 KCI 26.9 
0.4M HC) | KClegat 4.6 0.04.4 HCl] | 0.4M KCl 9.4 
0.014.M HCl |KClgat 3.0 0.14M NaOH | 0.1M KCl ~—19.2 
0.01MHC] + 2.1 0.01. NaOH | 0.1¢M KCl —4,.5 
+-0.09M NaOH | KClsat 
0.4M KCl | KCleat 1.8 


32* 
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TABLE 4. Moleeular Constants of Diatomic Molecules 


®,= intrinsic wave number; z,.=anharmonicity constant; 
Be= rotational constants; re—equilibrium internuclear distance; 
Dogg = dissociation energy 


Molecule Mo, cmt x_X 1038 B,, cm | Te A Dagra, kJ/mole 
Bro 325.3 3.31 0.0821 2.28 192.9 
Brcl 444 27 4.19 ().192 2.13 215.0 
Cl, 509.79 4.81 0.244 1.987 242.3 
CIF 786.195 7.84 0.516 1.63 202.9 
co 2169.81 6.11 1.931 1.128 1075.0 
DF 2998 .19 15.3 41.00 0.818 213.2 
DI 1639.6 12.4 32.84 1.614 298.5 
Fe 917 .D0 12.9 0.89 1.41 159.0 
FO 1060 14.6 1.104 132 215.7 
H» 4400.4 27.4 60.86 0.741 439.9 
HBr 2648 .97 47.1 8.465 1.414 366.5 
HCl 2990 .9 17.65 10.99 1.274 431.4 
HF 4138.7 ds et | 20-95 0.917 566.1 
HI 2309 .01 17.2 65.11 1.64 298 .4 
I, 214.99 2.87 0.037 2.66 151.0 
IO 681 .47 6.3 0.340 1.868 222.0 
Ke 92.96 3.82 0.056 3.92 93.14 
No 2308 .03 6.00 1.998 1.098 949 .6 
NO 1904.4 7.49 1.704 1.154 631 .0 
Oz 1980.19 0.76 1.4495 1.207 498.7 
OH 3737 9 29.7 18.899 0.969 428 .0 
Po 780.69 3.64 0.303 1.893 489 .1 


ee NTO TE OOO eee 


Answers 


Chapter J 


1. Ox (O18)? (of..)? (Fos)? (03)? (S2px)* (Neny)? (Mz pz)? (75 oy)" (5 nz) ei u= 2; 
OF (615)? (of, 2 (Ges)? (o3.)? (Sonx)” (Mop y)? (Mepz)* (13 oy) u = 2.9; OF (O18)? (of .)? x 
(Gos)? (05)? (Capx)? (Mepy)? (Napz)” (15 4) (15 52) u=1.5. 2. Ist; the molecule 
lacks magnetic properties. 3. 79. 4. 2nd. 5. (013)? (of .) (Ges)?; (05 ,)7; u=0; re=—@. 
e=0. 6. 2nd. 7. CO*, BO, and CN; (015)? (of -)? (G25)® (Ges)? (Mapy)* (Me pz)* (C2px)?: 
u=2.5; *>).8. BN, BO, CO. 


2. 
3 | ex1d22, J v m~2 j ex1022, J are m-1 
0 0 1312.6 5 39.108 7 875.4 
{ 2.607 2625.4 6 54.754 9 188.0 
9 7.822 3937.7 8 93.858 41 813.4 
3 15.643 5250.3 9 117.323 13125.7 
4 26.072 6562.8 10 143.395 14 438.3 
4 
; ErotX 1022, J | j @ ot X 1022, J 
0 0 5 125.805 
t 8.387 6 176.127 
D 25.164 7 234 .836 
3 50.322 g 301 .932 
4 83.870 g 377 445 
T, K 300 500 1000 


Etrans X 1077, J 62.12 | 108 .54 207 .10 
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D: 
j ¥, m1 | j | v m1 
0 4222.4 3) 209 334.6 
1 8 444.9 6 29 557.0 
2 12 667.3 7 33 779.5 
3 16 889.7 8 38 001 .9 
4 21 4112.2 9 42 224.0 
6. 
0) 1 4 1.1877 7 0.0517 
{ 2.4384 5 0.5279 8 0.0416 
2 2.7240 6 0.1849 9 0.0024 
3 2.0768 
7. 
j | N jx 10-23 | j | N x1 0-23 ) j N jx 10-23 
0 0.5902 4 0.7010 7 0.0305 
1 1.4391 5 0.3113 8 0.0068 
2 1.6077 6 0.1094 9g 0.0012 
3 1.2257 
Chapter 2 
4. Linear; Don; 95; Coo; Soo; i. 2. Plane triangle; Ds,; 0; Cs, Ce, Sz. 


3. Trigonal pyramid; Csy, Gy, Cs. 4 Trigonal bipyramid; C3,, C3, dp. 
9. Square bipyramid; C4,, C4, Co, Op, Og. 6 2nd. 7. 6th. 8. s (Cn) z= 
2 2m a 2 2 a 
x cos —— + ysin ——; S(Cyn)y = — «x sin — + y cos; S (Cyn) 2=—2. 
és 2 Qn n Jn on 
9. $ (S,)2= —zsin — + y COS ; S (Sn) y= —y Cos —— T 2 sin —— ; 


S$ (Sp) 2= —2. 


Answers 903 


Chapter 3 


1. 4.265 x 10-47 kg m*®. 9. 14.652 x 10-47 kg m?; 1.1344 10-19 m. 10. 352.96 x 
10722 J, 14. 0.2787 x 10-29 m. 12, 43.580 x 10% m7. 


Chapter 4 


1. 1.540x10-29 m. 2. 18.80«10-47 kg m?, 297.7 m™?. 3. 107.155 x 
10-138 (kg m?)8. 4. 3.093 «10-134 (kg m?)%. 5. 0.9433 x 10-29 m; 106°29’. 
7. [a—Ip=6.237 x 10-47 kg m’*; IFo=7.111 x 10-%"; oblate symmetric top. 


8, 
j | kh | exi022, J | j | h | ex 1022, J 
0) 0 C 2 2 4.902 
{ 0) 4.782 3 0) 10.692 
1 4 1.674 3 { 10.581 
2 0 D346 3 2 10.248 
2 4 0.230 3 3 9.694 


9, 39.46. 10. I4-=Jp= 147.317 < 10-47 ke m®: Io = 294.634 10-47 kg m?; 
6.394 X 10-135 (kg m2). 


Chapter 5 


1. 9.597X10-14 N/m. 2. 3.000410 m-}. 3. 0.0060. 4. & —2.148 x 10722 J; 
2, =6.406 X 10-22 J. 5. 22; 4.0677 10-22 J; emaxy = 94.154 X 10-22 J; Ey = 
542.54 103 J/mole. 6. 5.9X10-5; 5.33410-2 7. 0.359; 0.736. 


8, 


v £x1020, J (r—r,) X 1010, m 

0 3.744 0.6380 0.8706 

o 39 .995 0.4714 1.3411 
10 08 .796 0.4160 1.8288 
20 76.098 0.3839 4.5689 


9. 3915.93, 3837.71, and 3831.49 cm—!. 10. 4000.37, 4042.59, and 4084.81 cm-}. 
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11. 
Q) 0.054 bs) 0.449 9 Q.009 
4 0.437 6 0.076 10 QO .004 
2 0.486 ¢ 0.042 11 0.002 
3 Q.494 8 ().021 12 0.0003 
4 0.163 

12. 
J | v, cm-i | 3 yy, cm? | j | %, cm! 
() 2906.01 i) 2998.76 g 3060 .00 
1 2926 .00 6 3015.45 10 3075.51 
2 2945 .27 t 3030.82 14 3086 .30 
3 2963 .82 8 3045.77 42 3098.37 
4 2981 .695 


13. 5.4595 10-47 kg m2; 1.079 40-10 m. 14. 4; 3; 6; 9. 15. vg, 870; 
v= 447; 8= 240 cm-). 16. vg5== 403 (3); 96 129 (3); &,= 104 ome (2). 


Chapter 6 


4. 15.52 108 J. 2. 2085.4 kJ/kg. 3. 3.24105 Pa; 1670.2 J. 4. 18.7498 kJ. 
5. 359.637 K; —400.37 J; 400.34 J; 1.335 kJ. 6. Hy. 7. Ar; 1383.19 K; 
H, 748.42 K; H.O 637.11 K. 8. 205.51. 9. (a) 273 K; 0.505 « 10° Pa; 1573.3 kJ; 
(b) 172 K; 0.636 X 105 Pa; 1259.9 kJ; (c) 273 K; -0.505 x 105 Pa; 0.10. 22.914 x 
108 J. 14. 4.0242 x 4089. 12, 5.9547 X 10° J. 13. (He gy 5 —H3)g= 14.375 kJ/mole; 
(HS 325 — Ao)ugq = 28.426 kJ/mole} 14. A = 0.0018095 J mole! K~4; 


(i514, — 49) = 23.8 J/mole; (Hjg0., — Ho)s = 14.356 kI/mole. 15. (a) 


—3.716 kJ; (b) 0; (c) —5.596 kJ; (d) —8.921 kJ. 16. AH%,, = —214.78 kJ; 
AUoog = —209.82 kJ. 17. AH, = 244.78 kJ; AUegg = —~209.82 J. 
18. AH? 59g = —74.88 kJ; AUS, 099 = —72.40 kJ. 19. — 854.28 kJ. 20. 
—644.97 kJ. 24, —125.07 kJ. 22, (a) 83.04 kJ; (b) —454.68 kJ; (c) —826.84 kJ; 
(d) 34.70 kJ. 23. (a) 10.49 kJ; (b) —493.14 kJ; (c) —562.50 KJ; (d) —631.21 kJ; 
(e) —64.85 kJ. 24. (a) —5156.78 kJ/mole; (b) —54149.14 kJ/mole. 25. 


—5061.06 kJ. 26. —234.18 kJ. 27. —6.98 kJ. 29. —12.40 kJ/mole; 19.9%. 
30. —55.938 kJ/mole. 31. —524.96 kI/mole. 32. —2884.0 kJ/mole. 33. 


—89.76 kJ. 34. —288.06 kJ. 35. AH, = —237.644 x 108 — 13.017 +- 
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2.883 x 10-37? — Sona, 246.424 kJ; from 298 to 2500 K. 36, AH} = 
8.502 x 108 
131.99 x 10° + 8.547 — 3 X 81 x 10-972? — ——=>—; 135.87 kJ. 37. 


1.962 kJ/mole. 38. 36.70 kJ/mole. 39. —694.91 kJ/mole. 40. —78.87 kJ. 
41, —298.26 kJ. 42. —60.826 kJ. 43. CZ, = 2.08 + 269.27 x 10-°7 — 96.61 x 


10-8 72. 


Chapter 7 


1. —166.5 J. 2. —125 J. 3. 2000, 1490, and 1730 J. 4. (4) 2.42; (2) 4.073 mole? 
K~1, 5, 62 J mole K~!.6.5.5J mole“! K-!. 7. 6.3 J mole~! K-! 8 —15.16 J 
mole! K-1. 9. 233 J mole? K-". 10. 82x 107% J mole! K~’. 
14. 15.344 J] mole! K-!. 12. 44.54 J mole! K-}. 13. AH = 7009.038 x 10° J; 
AU = 6543.844 x 10% J; AS = 20.756 x 103 J/deg. 14. 142 J mole? K~?. 
15. 3.52 J mole K-!. 16. 302 J mole? K-!. 17. 1.2 J mole? K-*. 18. (1) AS = 
—32.56 J mole-! K-!; (2) S = 61.55 J mole-! K-1; (3) AS = 317.10 J mole~* 
K~!, 19. AS = —35.62 J mole-! K-. 20. (1) —55 J. mole! K-?; @) 
176 J mole! K-; (3) —166 J mole“! K-!; (4) —13.2 J mole K-". 21. 
103.8 J mole! K-!. 22, 3325 J mole K-!, 23. 243.6 J mole K-. oh 


96.87 J mole K-. 26. Isothermal expansion, 7 = nR In en ; 1so- 


, , 2V — na 
choric cooling, AS = AS, + AS, = nR In ia + ca n (1—aprr) ; 


28. 1130 J/mole. 29. - —134 J/mole; (2) 0; (3) 2330 J/mole. 30. —619.72 J+ 


5875.38 J; 6495.1 J. 31. AG, = 0; AG, = —328.02 J/mole; AG, = 0. 32. AG = 
—108 1/mole; AH = nt ead J/mole; AS = —21.3 J/(mole K). "33. 96.7 J/mole. 
34. A = —4476 J; AU = 0; AH = 0: AS = —5.78 J mole! K~!; AG = 
—4476 J/mole; AA = —4476 J/mole. 36. (a) —2879 J; (b) graphite; (c) yes, 
at a pressure of at least 2500 atm. 38. AG = —214 755+ 0. 74\n T —7.5T—T7 X 
10-572, 42. AU = —469 J/mole; AH = — 652. 5 J/mole; AA = —3820 J/mole;. 


AG = —3621 J/mole; 188.8 K; V = 3.71 m3. 


Chapter 8 


1. 2.4993 x 10’. 2. 1.1733 xk 107. 3. 1.0117. 4. 2. 5. 5.9335 x 10%. 6. 1.2025 x 
10°, 7, 5.5215 & 104. 8. 6.5424 x 10®. 9. 1.4086 x 108. 10. 220.4288. 11. 
2.1926. 12. 1. 13. 680.7935 x 108. 14. 2.5857 x 10¥2. 15. 12.4715 kJ/mole. 
t6. 8.3143 kJ/mole. 17. 2.173 kJ/mole. 18. (Uig99 — Uo) = 22.959 kJ/mole; 
(Hio00 — Ho) = 31.273 kJ/mole. 19.  (Uig99 — Uo) = 22.959 kJ/mole; 
(H3o3— Ho) = 31.273 kJ/mole; (Hipo9 — Hoos) = 22-591 "kJ/mole. 20. Ch 298 = 


29.3368 J mole! K-! , Cp 1000 = 34.6000 J mole K7!. 21. 7.5534 ti ankas 


10.0311 kJ/mole. 22. 8.1233 kJ/mole; 10.6010 kJ/mole. 23. 12.4715 J mole! K-71. 
24, 12.4715 J mole! K~-!. 25. 38.819 J mole! K~-!. 26. 72.076 J mole-! K-!. 
27, 35.639 J mole? K-!. 28. Cy = 60.356 + 97.754 x 10-8 T — 54.09 X 


10-§ 77, 29. 40.524 J mole! K-!, 30. 53.909 J mole“! K-}. 34. 1260. 32. 999.6. 
33. 1.0135 K 10° Pa. 35. The CO, molecule is Daa and the SO, molecule 
is nonlinear. 36. Cy = 12.4715 J mole“! K-!; (Uy,, — Uo) = 3.7166 kJ/mole;. 
Soog = 163.962 J mole! K-!. 37. 48.1261 J mole K-1. 


38 oT 298 1000 3000 
Svipr 0.0014 1.572 8.353 


306 Problems and Exercises in Physical Chemistry 


39. 210.884 Jmole-! K-}. 40. —192.1023 J mole-! K-!. 44. —157.1403 J. mole! 
K-!; —4.683 kJ/mole. 43. 188.721 J mole! K-!. 44. 219.4. 45. 0.0108. 


‘46, 


Q) 0.05119 6 0.07752 11 Q.00137 
1 0.13862 7 0.04369 12 0.00044 
2 0.18826 8 0.02183 13 0.00012 
3 0.19386 9 0.00971 14 0.00003 
4 0.416590 10 0.00385 19 0 .00000 
9) 0.12124 

Chapter 9 


1. 0.288 litre. 2. 78; CgHg. 3. 0.465 kg; 8.3 kg/m; 0.0179 kg/m3. 4. 376.7 kg. 
o. 757 mm Hg. 6. Cl, 74.1%; Br, 13.7%. 7. 0.987 atm; Vo, = 16.56 m*; Vy, = 
08.44 m®. 8. 4.53 kg. 9. 396 K. 15. 7.6 < 10? m/s. 16. on, = 3.64 X 10-1° m; 
7oO K. 17. Z = 8.05 kK 104; Z’ = 9.1 & 1087; 7" = 1.48 x 1075; 0.261 atm. 


18. 55%. 19. 0.37 litre. 20. 4.1%. 24. 0.5986, 0.2676, and 0.1338 atm. 22. 5.4%; 
19.8%; 1.054; 1.198. 23. 55.55 


Chapter 10 


4. 18.22 x 10°? m3/mole. 2. 96.3576 x 10-* m°/mole. 3. 1.147 D. 4. 2.77 D; 
0.92 x 10-79 K m. 5. 27.453 X 10-® m3/mole; 27.193 « 10-¢ m3/mole. 6. 21.334 
10-® m*/mole; 21.140 x 10-§ m3/mole. 7. CH,COOCH,—CH=CH,. 8. 0. 9. 
re m*. 10. 0.8995 x 10-3 kg/cm’. 11. 0.0390 kg!/4 m3 s-}/2 kmole-!. 12. 4. 
13. CH=CH 


NH pyrrone. 14, o7 = 0.6988 — 0.12377 X 10-°7; —0.12377 X 


CH=CH 
10-3 J m-? K-!. 15. —12.377 x 10-3 J m-? K-}. 16. 69.76 x 10-3 J/m?. 
1 16.5 x 10° 
17. Wp 18.226 x 10°; » = 0.1877 x 10°%. i8, ££, = 


1 = 
’ 10489.5 


10.4895 kJ/mole; n = 8.8145 x 10-8 FF 19. 28.074 kJ/mole. 20. Hevap = 
9.87 x 10 

51.87 X 10°—50.4T + 0.5 x 10-37? + So . 21. AHy4, = 49.335 kJ/mole; 

AS, 


ag = 145 J mole! K-1. 22. 62.24 kJ/mole. 23. 85.44 kJ/mole. 24. 
508.690 kJ/mole. 25. 440.718 kJ/mole. 


Chapter 11 
3. 1.947 x 10? Pa. 4. 273 K; AH, = 2.504 x 103 kJ/kg; AH, = 2.491 x 


10° kJ/kg; 573 K; AH, = 1.712 x 10° kJ/kg; AH, = 1.403 kJ/kg. 5. AH = 
37.3 kJ/mole; boiling point = 305.16 K. 6. A = 11.635, B = 1.68 x 10*. 7. 
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O = 245 kJ. 8. AH = 19.04 kJ/mole. 9. P = 4.123 X 104 Pa, AH = 49.95 kJ/ 
mole. 10. 283.17 K, 2.43 X 10% Pa, ANsup) = 44.27 kJ/mole; A yyay = 
31.95 kJ/mole; AW trys = 12.32 kJ/mole. 12. 95—true molecular weight of 
CH,COOH; 60. The obtained value indicates that CH,COOH in the vapour 
phase is partially associated. 13. 5.998 Pa. 14. P? = 5.81 x 10° Pa, P} = 
5.03 x 108 Pa. 16. 7, = 335.6 K, T, = 408.4 K, T, = 452.4 Ky A tystyy = 
56.52, AM tys(o) = 62.4, and AA qus(y) = 46.48 kJ/kg. 17. (a) 157 °C; (b) 302 °C. 


241. 519.23 kJ/kg. 23. AS ~ 26. 24. (1) log P = — —p- 12.18; (2) AH = 


43 340 J. 25. 1.823 litre. 26. AH = 10100 — 8.17, AH = 93.72 J mole™ K-}. 
27. 468 mm Hg. 28. 28 367 J/mole;) 34.7°C. 29. 3641 064.0 J/mole. 30. 


1.648 x 104 
2545 K log P = ———~7-~—— +. 9.348. 31. 28.8 °C. 


Chapter 12 


4. 3.428 mole/litre; 3.414 mole/kg; 0.058; 26%. 2. 8.732 mole/litre; 15.34 mole/kg; 
0.216. 3. 0.0105 mole/mole H,O; 0.5534 mole/litre; 0.9016 cm3/g. 4. 789.3 g; 
0.98 cm?/g. 5. 1.134 g/cm*. 6. 0.44 cm. 7. 4.16 cm; 1.17 cm°/g; 1.260 cm3/g. 
8. 27.3 cm3/mole. 9. 8.75 cm3/mole. 10. 19.93; 23.14 cm?/mole. 11. 39.72 cm?/mole. 
12. 20.44 cm®/mole. 13. 234 g. 14. 7.918 cm?/mole. 15. 18 cm?/mole. 17. —0.421; 
—~0.231; —0.148; —1.730; —0.986; —0.619. 18. —0.0765; —0.052; — 0.047; 
—~-0.3198; —0.217; —0.196. 19. 4430.86 J; AH; = 1188.26 J/mole; AH, = 
6263.45 J/mole. 20. 6351.34 J/mole; AH = 230.96 J. 24. AH, = — 28 200.16 
J/mole; AH, = —1832.59 J/mole; AH = —95 596.03 J. 22. AH = 41 798.46 
J/mole. 24. 3740 J/mole. 25. —718 kJ. 26. AS,, = R (zag + Zau In ray) — 
3.032 AgZau; 4.34 J mole“? K~}. 27. upe = pS, + RT ln cp, — 20952%);3 Ny = 
wo, + RT In xyy—20952%,,. 28. 0.903. 29. 0.583; 0.246. 30. 1.93. 341. 2 = 
0.920; p = 0.989. 32. 0.2499. 33. 1.52. 34. 164. 35. 35.44. 36. 16.89.J/mole. 
38. 1903.72 J; 40. —-8600 J/mole. 44. —1330 J/mole. 42. 660 J/mole. 43. 
9.68 J mole K~!. 44. Au = —157 500 J/mole. 45. AT = 42 °C. 


Chapter 13 


1. 0.00036. 2. 7338 x 10° Pa. 3. 5.75 & 104 Pa. 4, 119.6; 2.04%. 5. 1.85. 
6. 1.49%. 7. 57.5%. 8. 194.5. 9. 1.0096 x 108 Pa. 10. 2.63. 41. 8 atoms. 
12. 138.8, 13. 373.18. 14. 0.08. 15, 152.8. 16. 0.0248 kg. 17. 32.7; 238.7. 18. 
2.96; 2.53. 49. 7.39; 144.3 * 4108 J/kg. 20. 1.154 mole/litre. 24. 27.07 X 10® Pa. 
22. 379.52 K; 1.93 X 10° Pa. 23. 274.47 K. 24. 561.3 Pa. 25. 272.17 K. 26. 
0.865 mole/kg H,O. 27. 92.49. 28. C 93.7%; H 63%; 128. 29. 373.62; 3124 Pa. 
30. 2.56 < 10° Pa. 31. 87.64. 32. zy, = 1.16 X 10-4 zo, = 0.59 X 10-4. 
33. 15.8. 34, 0.01032 kg. 35, O, 33.75%; Nq 16.16%; Ar 1.95%; CO, 2.14%. 
36. 0.458 x 10-5 m9, 37. 16192.08 J/mole. 40. 0.88 g/litre. 41. 117; 0.03558. 
42. K = cb-51%/c, = 2.192; 0.515. 43. 17.73 g. 44. 5.85 litres; 0.579 litre; 


0.0527 litre. 45. 4.64 x 10-3 g. 


Chapter 14 


0.823 < 10%; 0.867 x 104; 0.224 * 104; 1.092 x 104 Pa. 2. 3.38 * 10%; 
4 xX 104 Pa. 3. 0.43 and 0.85% CS,; 5.5 & 104 and 6.5 X 104 Pa. 


4. T 293 313 353 
(AP/P) X 100%  —9.65 —7.19 —5.59 


1. 
4.2 
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5. 67.6%. 6. 0.248. 7. zic,, = 0.523; 2oG,, = 0.144. 
8 TT 330 350 380 426 
ree, 9-765 0.710 0.696 0.682 


10. Vapours, 0.295 kg; peste 0.705 kg. 11. H,O 0.223 kg. 12. 39.6 kJ/mole. 
13. —3.4 kJ/mole. 15. yee, = 1.5555 4¢¢) ,= 0.9799; Yoo oH = 1-8785 Gest .0H = 


0.6940. 16. Y y= 0-76995 ay, = 0.3595; yHcoon = 0.8785; axcoon = 0.4682. 


The departure from Raoult’s law is negative. 17. 1.651 kg. 18.3.18 kg. 19. 
0.563 kg. 20. 0.555 kg. 21. 1.37 kg. 


Chapter 15 


1. 1500 K; 514% Ni; mjiq = 0.0277 kg; mg = 0.0443; 1435 K. 4. 0.324 kg. 
7. 8.8%; 70.5; 0.066 kg; 0.034 kg; 336.5 K; 327.6 K. 


Chapter 17 


4. 0.845; 0.543; 0.465; 1.383. 2. CO 1.447%; H,O 59.858%; CO, 37.013%; 
H, 1.68%. 3. 0.2264 mole. 4. 0.01413; 0.1264. 5. 5.496 X 104 Pa, 0.535. 
6. 0.932; 0.0352. 7. 0.542; 3.5146 x 104 Pa. 8 1.014; 4.871 x 10-2, 9. 0.363; 
5.768 mole/m’; 0.632 x 104 Pa. 10. 0.721; 1.586; 0.910. 14. 28.99 x 10 Pa. 
12. 2527.5; 17.02. 13. 72.35 xX 10-3. 14. 0.00164. 15. 0.219; 0.0504; 0.912. 
16. 0.148; 7.0866 X 104 Pa. 17. 1.1255 x 105 Pa. 18. 0.083. 19. 1.809. 20. 
24.436 kJ. 24. —24.888 kJ. 22. PCI, will not dissociate. 23. —376.96 kJ. 
24. —148.48 J. 25. —27.02 J. 26, —442.095 kJ; AH®. = —432.092 — 12.505 x 


10-37 (kJ). 27. 4454.08 m3/mole; 387.81 m3/mole; "114. 19 kJ. 28. 50.232 kJ. 
29. —116.226 kJ. 30. 1.0402. 34. —72.170 kJ. 32. 110.997 kJ; 813.9 K. 33. 


0. 108 
—17.345 kJ; —22.270 kJ; 0.859 J/K. 34. log Kp = ~52.344 - rr + 


47.2576 X 108 


7 + 2.6244 log T ~— 1.0241 x 10-97; 7.614 X 10°. 35. 1454.25 K. 
0.2732 x 105 9.6356 x 103 
36. log Kp = Ra £2805 log T + 412.5205 — 


0.2183 * 10-97; 1.879. 37. 177.455 kI; 2.463 « 105. 38. 73.633 kJ; log Kp = 
3.846 xX 108 
— 7 0.3904. 39. 0.01082; TC EHe = TCgHa(COs)e 0.086: To .HeCHs 


0.828. 40. 5.2518; x .11, = ZcgH CHa)g = 0-82173 tegH.cH, = 0-1783. 41. 29.97. 
42, 247.5. 43. 3.36 x 104 Pa; 9.44 X 104 Pa. 44. 1.059 x 10-%. 45, 3.293. 
46. 492.2 K. 47, 8.357 X 105. 48.{0.173. 49. 2.532 x 10%. 50. 4.416 X 104. 54. 1.2787. 
52. 31.109. 53. CH,Cl, 0.090; Cl, 0.001; CHCI, 0.320; HC] 0.499; CCl, 0.090. 


Chapter 18 


Lagpy eared mho. 2. x = 8.135 mho m7). 4, t_ = 0.53. 5. Ay. = 5.018; 
A 6.562 mho m?. 6. h. Bien 5.907 mho m2. 10. 0.104 an ie PR f1. 
38.8 mho m?. 12. K, = 1.79 x 10-4; pH 4.32. 13. K, = 1.75 x 10-8. 14. 
ey+ = 1.388 x 10- mole/litre. 15. 1.42 X 10-5 g-equiv/litre. 16. L, = 1.24 X 
10-3; L, = 2.33 x 10-* mole/litre. 
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17. c, mole/litre  Acaic Aexp, Mho m? 
5 x 40-4 12.44 42.45 
0.1 9 .82 10 .67 


18. axaso, = 3:64 X 10-9; apc = 6.36 X 107°. 19. J = 0.145 pas = 0.827; 
Yrag+ = 0-25. 20. 0.967. 22. AH = —1460 J. 23, —132.8 kJ/mole. 24. 


—114 I/mole. 39. 55.94 kJ. 40. 1.08 < 10-3, 5.66 x* 10-4. 44. 244.0. 42. 136.3. 
43. 17.8: —12.5 kJ/mole. 44. 56.5 kJ/mole. 45. 0.01023. 46. —11.35 kJ/mole. 


Chapter 19 


3. 0.437 V. 4 0.925 V. 5. 2.99. 6. 0.14 V. & —0.059 V. 9. 2.121 V. 10. Ay = 
0.631; E, = 0.261 V. 12. 6 X 410-2. 13. K, = 6.92 x 10%; Ky = 3.44 X 10%. 
15. 0.722 V. 17. 0.321. 18. 0.458 V. 19. 0.133. 20. 0.049 V. 24. apy = 0.0057; 
yph 0.297. 22. Orrin, qy+ = —0-333 Vi F = 0.003 V. 23. g = 21.05 kJ/mole; 


AH = 195.5 kJ/mole; E = 1.083 V. 25. AH =6.5 kJ/mole. 27. ay, = 
0.0628; AG, = —856 J/mole. 28. AH, = —1.459 kJ/mole; g = 0.124 kJ/mole. 


29. a = 0.368. 33. 1.00 K 1018; 1.44 & 108%: 5.8 x 10-*. 34. 34.6 atm; 0.691; 
44.3 atm; 0.443. 35. 149 kJ/mole; 1.229 V. 


Chapter 20 


1. 0=7.4 x 10-3 mm Hg; Kj=736 ml g-}. 2. y= 18.6. 3. S = 449 m®. 5. P= 
0.129 g. 6. Too = 1.706; K = 9.56 X 10-*. 7. TP, = 4.33 X 10-1; K = 0.07; 

= 3 X 107° mole/em?. 8. S = 12.22 A* 12. sg, = 0.24 m2/g. 13. ss) = 
99.5 m2/g. 16. AH = 28.5 <x 108 J/mole. 17. AH = 22.2 x 10° J/mole. 


Chapter 21 


1. 43.2 years. 2. 5.3 x 10-5; 4.35 X 104 min. 3. 0.0515 min-}. 4. 2.65 « 107-7; 
1530 min. 5. First; 2.7 x 10-% min~. 6. 30 min. 7. 2.55 x 10-8 s. 8. 3.75 min. 
9. 52%. 10. 7.36 min. 13. 0.7544; 23.8 h; 238.5 h. 14. 0.86 mole! min“ litre. 
15. 0.07 mole/litre. 16. 25%; 33.3%; 38%: 100%. 20. First. 24. First. 22. 4.5th. 
23. First; 0.0123 min-!. 25. First; 0.040 h-. 26. First; 4.19 <* 107% min“. 
27. 5.31 X 10-3 min7 g-equiv? litre. 28. Third. 29. Second; 11.6 min“ 
g-equiv-? litre. 30. Second; 2.35 min-! g-equiv—! litre. 34. Second; 0.0383-' 
s-! g-equiv litre. 32. First: 1.5 x 1073 s-!; 460 s. 


Chapter 22 


1. ky = 0.00422; k, = 0.00139; Keg = 0.30. 3. ky = 1.84 K 107° min“. 4. k, = 
0.01637 min-!; k, = 0.000334 min—; 5. & = 0.442 mole? min-? mi. 6. A, = 
0.035 min; k, = 5.72 X 10-5 min-}. 7. k, = 35.6 X 10-* litre mole? min-}; 
ky = 1.12 X 10-4 min-!. 9. &,/k, = 6.65. 10. Ty. = 27.3 min-. 15. 64.8 Pa. 
16. tmax = 33.015 min. The maximum amount of RaA is 3.49 x 10-® g. After 
© hours there will be 1.68 < 10!* atoms of radon and 9.3 X 1012 atoms of RaA. 
17. (a) 0.07 g; (b) 1.835 times. 18. N,/N,, = 0.635; Na/Ny9 = 0.3. 19. 2.48 X 
10-4 g5 1.79 & 1074 s-1. 


Chapter 28 
1. 334.6 kJ/mole; k, = 1027. 2, 94 920 J/mole; 8.74 x 1012; 1.42 min. 3. 0.0002. 


4. 46.442.4. 5. kytketkg = 1:47.7:100.5. 6. 350 K. 7. 416.37 % 40-3 min7; 
282 min. 8. 65 min. 9. 1.88. 10. 303 K. 11. kegs = 7.05 X 1073 kai, = 29 X 1073; 
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kogg = 14.9 X 10-3; 1.3. 12. 86 100? J/mole; 1330 min. 13. 1210 s. 14. 2.71 x 
10-8, 15. 1950 min. 19. k3,,—=0.00576 litre mole“! s—!; k.., = 0.156 litre mole? x 
s?, 20. E, = 362 423.05 + 16.6287 J/mole; E, = 375 725.45 J/mole. 21. 


240 kJ/mole; ky, = 10'3°; ky, = 10'*-°4. 22. log k, = 33.210 7. 7, 


21 068.8 
log kg = 34.343 ———-—— 


Chapter 24 


1. Z) = 29.4 X 107; Z) = 9.58 x 108; 1 = 61.4 X 10-7 cm. 2. Zact = 184 X 
10°; t/, = 0.00104 min. 3. E, = 128 030.4 J/mole. 4. Z, = 4.78 X 10°. 
5. k = 7.8 X 10-8 s-). 7. p = 0.205; E, = 165 953.9 J/mole. 8 p = 5.3 X 
10-19; E, = 46 818.96 J/mole. 9. p= 5.3 X 1078; Ey = 54 475.68 J/mole. 
10. p = 63 X 1078; EF, = 57 237.12 J/mole. 13. k=9.3 X 10-* cm? molecule! s-!. 
14. k = 1.25 X 10722 cm? molecule? s—. 15, k = 4.12 * 4107?! cm? molecu- 
le“? s-). 16. k = 0.298 cm? mole s-!. 17, 152.9. 18. 7 X 10-3 h-?. 19. AH* = 
72 174 J/mole; E, = 74 709.5 J/mole. 20. AH* = 36 149.76 J/mole: AS* = 
68.032 J mole“? K-!. 24. Kp, = 7.76 X 10-3; E, = 1112.9 J/mole; Kp = 
1.63 x 103; AW*™ = —10794.7 J/mole. 22. AH* = 10836 J/mole; AS* = 
84.010 J/mole; AH* = —280 196.3 J/mole. 23. (a) k = 74 s7; ty. = 9.4 X 
103 s: (b) k = 1.7 & 107? 8s“; tg = 41 83 (c) kK = 3.8 X 107-8 s-!; ty, = 50 h. 
24. AH* = 124 336 J/mole; £, = 233 467.2 J/mole. 25. = 1.28 x 10-14 
cm? mole! s-!. 26. k = 4.0 X 10-§ s-!; AS*™ = —3.347 J mole! K-!. 27. 
110 457.6 J/mole; 124 683.2 J/mole; 39.33 J mole! K-?. 28. & = 45.3 cm? x 
mole“! s-1. 29. p= 0.5 X 107%. 


Chapter 25 


{. 55.35. 2. 108. 3. 281.9 kJ/mole. 4. E, = 287.7 kJ. 5. 105.6 kJ mole“; 1 E = 
112.5 keal/mole. 6. The luminous flux will be sufficient; in one link, —46.2 kJ, 
and in the other, +186.06 kJ; 2.5 J/mole per mole HCI. 7. w = ky (ko/2k,) Cl15/*. 
8. w = ke (ko/kg) C,H,Cl,. 11. y = 0.55. 17. 24.6 kJ/mole. 18. y = 7.5; k = 
6.3 X 10-9 s-!. 21. 254.7 kJ/mole. 22. 1041 kJ/mole. 23. 1912 kJ/mole. 


Chapter 26 
1. kmean = 3.86; D = 6 X 10-? cm2/h. 2. 7.2 X 10-§ mole or 8.8 X 10-4 g. 
3. V = 9 cm’; t = 10.98 min. 4. t = 39 min 38 s. 5. c, = 0.10314 g/50 g3 k= 
6.45 X 10-2? min; 6= 4.95 < 1074 cm. 6. 0.23g. 7. kwean = 5.0 X 1073 min“; 
§ = 19 X 10-§ m. 8 D = 0.24 cm*/s. 9. r = 24; m= 6.2 X 10° g. 10. D = 
0.40 cm?/s. 12, D = 0.545 cm?2/s. 


Chapter 27 


1. 0.636 cm? mole-! s—}. 2. 1.012 cm? mole! s-!, 3. k, = 2.32 X 10-4 cm’ mole-! x 
sl; k, = 1.18 X 10-3 cm® mole s-}; ks = 8.65 X 10-3 cm? mole s7!. 4, 
1:1.17:1.11. 5. 3130 s. 6. 3145; 6329; 12 882 s. 1.60 x 10-5; 1.59 x 10-5; 
1.66 x 10-5 mole litre“! s-?. 8, 1.585. 14. ky = 1.34 X 10-# min“; ka = 


5 X 10-5 mole-! min. 19.G, = 7.90 * 10-4; a = 0.62. 20, 32 litre mole s-?. 
21, 2.72 times. 22. E, = 161 — 0.2849. 23. AHF = 163 kJ; AH, = 205 kJ; 
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AH® = 200.9 kJ; AHZ, = 129 kJ. 24. kp = 3.1 8-1; Eq = 35.2 kJ/mole. 
28. Kore = 0.0025 87}; true = 0.0032 st. 29. Ey, = 41.8 kJ/mole; E, = 


a 4 
20.9 kI/mole. 30. v, Sy pers = voy + 0.012. 314. B = 1; & = 0.048. 


Chapter 28 


4. 1.779 g. 2. ¢ = 1560 8 (26 min). 3. t = 32 906 s (9 h 8 min 25s). 4. 6.34X 
10° J. 5. 80%. 6. 83.25%. 7. 5.6 cm® O,; 31.77 mg Cu; 126.9 mg I,; 11.2 cm°H,.- 
8. 92.7%. 9. 92.9%. 10. 313 A h; 21.8 litres O,. 


11. i, A/cm? 0.04 0.015 0.018 0.019 0.0193 
Aq, V 0.0092 0.0189 0) .0340 Q .0524 — 

12. i, A/cm? 5 10 15 18 19 
Aq, V 0.269 0.264 0.255 0.244 0.235 

13. g,, V —0.535 —0.505 —0.490 —0 .485 —0 .480 
i/ijim 0.99 0.92 0.74 0.62 0.42 


14. 70.2% Cu; 29.8 A. 15. 66.6% Ni; 33.4% Co. 16. a = 0.840 V; b =0.190 V; 
Aare aati 19. n = 1.0. 20. af’ =6.4; A = 0.2; k=2 litre mole s~}, 21. Ej = 


